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ABSTRACT
Because of its unique advantages on energy savings and casting complex shapes,
Lost Foam Casting (LFC) has been widely used as a replacement to the conventional
techniques (sand and investment castings). In order to continuously improve the quality
of the Lost Foam Casting process for reducing scrap rate and increasing energy savings,
the US Department of Energy through its National Industrial Competitiveness through
Energy, Environment, and Economics (NICEEE) program sponsored the present study to
develop new characterization techniques for enhancing the understanding of the
fundamental properties of the refractory materials used in the Lost Foam Casting process.
In this study, new techniques are proposed to characterize the refractory materials'
properties such as particle size, particle shape, rheological behavior, transport properties,
microstructure, thickness, as well as packing properties. The rheological properties of the
refractory coating slurries are characterized by a series of laboratory experiments using a
rotational rheometer including the creep and recovery test, the thixotropic loop test, and
oscillatory tests. A number of commercial particle sizing instruments based on different
theoretical backgrounds are investigated for evaluating a suitable technique for reliable
characterization of slurries used in this research. A quantitative approach to characterize
particle shape is also investigated for particles in the refractory coating slurry. This study
also proposes a new apparatus to evaluate the transport properties and microstructure of
the refractory coatings. The proposed interpretation method of measured gas flow data
considers the "slippage" and inertia effects that occur in measuring gas permeability of
porous materials. The microstructure information obtained from the proposed technique
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is found to be well correlated with the transport properties of the porous coating
materials. A procedure using a three-dimensional computational fluid dynamics code
(FLOW3D) is developed to simulate experimental gas flow data for solving complex
boundary value problems. This paper also presents a novel coating thickness
measurement system for the dry refractory LFC coatings. By comparing a number of
commercially available refractory coatings, it is found that the coating thickness on the
expandable polystyrene foam patterns is not uniform and depends on the coating type,
topography of the foam surface, and coating properties such as surface tension,
thixotropic loop area, mean particle size diameter, and viscosity.

In this study, the

effects of dilution and dispersion on the coating properties such as transport properties
and microstructures are also investigated. Results show that the dilution and dispersion
have opposing influences on the pore size and transport properties. The pore
characterization technique developed in this study is used to determine the effects of
drying (oven versus air dry) on the pore size and transport properties. In addition, this
study also includes another part of the permeability system, the un-bonded granular
materials used in the Lost Foam Casting process. Three types of particle sizing
techniques (sieve analysis, Laser Light Scattering and Imaging Analysis) are used to
characterize the particle size and shape information of two types of un-bonded granular
materials (sand and mullite). A three-dimensional (3-D) computer program is developed
to simulate the packing behavior of granular materials at a loose state using a "drop and
roll" method. This study provides a systematic characterization of the LFC refractory
coating slurries, dried refractory coating, and the granular media. This study also
demonstrates the application of proposed characterization techniques for coating quality
vii

control using statistical process control charts. In addition, numerical models are also
developed to predict the coating performance such as its coating thickness and transport
properties. The results from this study are likely to have a significant impact on
improving the Lost Foam Casting process. The characterization tools developed in this
study are being currently used in a large Lost Foam Casting foundry for improving the
process at production scale.
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PART 1. INTRODUCTION

1

INTRODUCTION

Lost Foam Casting (LFC), is a metal casting technique that involves pouring
molten metal into an Expandable Polystyrene (EPS) foam pattern, which is shaped
identical to target casting, and is surrounded by unbonded sand that is compacted through
vibration. In order to obtain controlled pyrolysis of EPS foam and reduce heat loss, the
foam pattern is coated with refractory slurry. The EPS foam pattern degrades into liquid
and gas products, which escape through the refractory coating into the loose sand after
the molten metal is introduced. The molten metal then fills the space left by vaporized
foam pattern to yield the target metal casting product. Lost Foam Casting is also known
as Expandable Polystyrene Casting (EPC), because the primary material used in the LFC
process to produce foam patterns is expanded polystyrene (EPS).

Lost Foam Casting is more widely used as a replacement to the conventional
techniques (sand and investment castings) based on its unique advantages as summarized
below:

1 . Precise production technique: the casting product is obtained as near 'net shape'
[ 1 ], which means the casting shape requires no further modification. So the
machining and assembly can be eliminated or reduced.
2. Clean process: because unbonded sand is used in the LFC process, it will have
fewer environmental problems than conventional sand casting, which uses resin
bonded sand that have deleterious environmental impact. Also, the sand can be
recycled and reused, which reduces the volume of discarded sand.
2

3 . Simplified production technique: complex shapes can be cast in one piece with
internal oil pathways of EPS foam patterns that are glued together.
4 . Energy savings: a comparison of energy usage for both lost foam casting and
conventional green sand casting shows that LFC results in an energy savings of
27%, productivity increase of 4 6%, and material reduction of 7% [2] .

Because of its unique advantages, the LFC process has become "a breakthrough
technology for producing components by eliminating cores and core boxes with
improved dimensional control of casting wall thickness" [3 ].

Many metal casting companies, such as General Motors, Mercury Marine, Saturn,
and Robinson Foundry, are applying LFC for engine block and cylinder head casting with
complex shapes to improve product quality with financial savings. For instance, General
Motors started to produce the 4 .3 L, V-6 diesel cylinder head using aluminum Lost Foam
Casting at Massena, New York in 1981 . According to Smith [4 ], General Motors had
nine different products in Lost Foam production including aluminum cylinder head,
aluminum cylinder block, aluminum driven sprocket supports for automatic transmission,
iron crankshaft, iron differential case, and iron clutch housing for automatic transmission.
Citation Foam Casting demonstrated that LFC process was capable of both high-quantity
production and good quality by casting more than 50 0 0 pieces/ day for General Motors
[5 ]. Saturn Corp, a subsidiary company of General Motors, produced the engine blocks
and heads at rates of up to 90 sets/ hr [6 ]. General Motors also reached a success of its
newest engine - the Vortec 4 20 0 Inline 6 - that utilizes LFC. "This award-winning inline
3

6 cylinder engine is being used in GM's 2002 GMC Envoy, Oldsmobile Bravada and
Chevrolet Trailblazer SUV" [7].

According to the survey conducted by the Consortium and the American Foundry
Society in 1997, an estimated 40,000 tons of aluminum LFC were produced in 1994,
rising to 50,000 tons in 1997. Growth through the year 2000 was expected to increase by
64 percent, to 82,000 tons. Iron LFC is also growing, with production increasing from
20,000 tons in 1994 to 40,000 tons in 1997, to an estimated 85,000 tons in the year 2000
[ 8] .

Expandable Polystyrene (EPS) is the primary material used in the LFC to produce
Lost Foam patterns. According to Brown's study [9], the LFC process can be described
as follows. Polystyrene beads of selected size and size distribution are first expanded to a
chosen density by heating, and then blown into a metal pattern cavity. Pressurized steam
then is used to heat the expanded beads for further expansion and fusion in the cavity,
which makes the expanded beads join together to form the target pattern shape. Then the
die is cooled by water spray and /or vacuum and the foam pattern is ejected after cooling.
Assembling and gluing several simple foam patterns together will result in the required
complex pattern shapes. The assembled pattern is then dipped into a water-based
refractory coating slurry and dried to provide a refractory coating. After drying, the
coated foam pattern is placed in a steel flask and silica sand is poured into the steel flask
to fill all the pattern cavities. Vibration during the filling is used to compact the sand,
which will provide support to keep the pattern in place during the casting. Molten metal
4

is then poured down through the sprue. The foam pattern degrades into gas and vents into
the loose sand after the molten metal is introduced, and the metal fills the space originally
occupied by the foam pattern to yield the target shape. The final casting product is
obtained by removing the sand and refractory coating. The sequence of steps involved in
the LFC process is illustrated in Figure 1. 1 and the flow chart of LFC process is shown in
Figure 1.2.

In the LFC process, the EPS foam pattern degrades into liquid and gas products
and escapes into the loose sand after the molten metal is introduced, and the metal then
fills the foam pattern to yield the target casting. During the pyrolysis process, a gas layer
exists between the metal and the polymer fronts as shown in Figure 1.3 . This gas layer
predominantly consists of the primary thermal degradation product of styrene. Penumadu
[1 O] was first to identify the presence of fast diffusion pathways within intact EPS foam
using neutron radiography as shown in Figure 1.4 . It was hypothesized that styrene gas
dissolves polystyrene foam as it transports in all directions when the metal front
thermally degrades intact EPS foam. Some of the styrene opens up these fast diffusion
pathways and the formation of the diffusion channels is based on the fusion
characteristics of EPS foam. For low fusion foams, there are connected void channels that
form these diffusion pathways. Thus, for high fusion foams, the formation of diffusion
pathways will be very different and thus the metal fill pattern. If the transport of pyrolysis
products is hindered, a variety of defects in the casting associated with the molten metal,
degraded liquid and gaseous styrene products will occur [9 , 1 1 -13 ]. Research has shown
that most defects depend on how fast the decomposed materials will escape [ 1 1 , 14 , 1 5].
5

(a) Step 1: Clustering

(h) Step 2: Coating

(c) Step 3: Drying

(d) Step 4: Unbonded sand

(e) Step 5: Pouring m etal

(t) Step 6: Remove cast

(g) Step 7: Cleaning

(h) Step 8: De-clustering

Figure 1.1 Lost Foam Casting Process Steps
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Figure 1 .2 Lost Foam Casting Flow Chart
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Pyrolysis products ofEPS (predominantly styrene monomer (gas) and liquid by-product )

. Coating

Fast dilfusion
pathways
Gas escapes

Figure 1 .3 Conceptual Model for Lost Foam Casting

Figure 1 .4 Neutron Radiography of Aluminum Lost Foam Metal Casting Process

Aluminum in blue, green represents styrene monomer showing diffusion pathways, and
orange/red represents intact foam with mica based refractory coating
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Therefore, refractory coatings that are applied to the foam surface play a very
important role in the success of LFC process. Defects commonly observed in the LFC
process are strongly related to the coating properties. The coating has to be strong enough
to resist the pressure from the sand and keep the sand contained while the polystyrene
becomes liquid and gas. If the strength of coating cannot resist the forces caused by
compaction and thermal expansion during casting, cracks will appear on the coating,
which will cause the molten metal to break through the cracks in the coating and infiltrate
into the surrounding sand [11 , 14 ] . This kind of defect is called a metal penetration
defect. At the same time, it should have good permeability to allow the degraded
materials transport through the coating into the sand, so that the molten metal can fill the
space left by the degraded materials. Low coating permeability will produce defects such
as porosity, misruns and cold lap. The metal solidifying before the degraded materials
escape through the coating causes porosity defects. Misrun is an incomplete fill of the
cavity during pouring. Cold lap is a discontinuity on the casting surface that is a result of
the metal being too cold to fuse where the two streams of metal meet. However, high
coating permeability usually leads to a high number of blisters and formation of a thin
layer of oxide and carbon that runs just beneath the cope surface of the casting,

connecting to the surface at some point [1 6 , 1 7 ]. High coating permeability will also
cause turbulent metal flow during casting, which will increase the problems with folds,
the thin sheet-like discontinuities composed of carbon and aluminum and/or magnesium
oxides [1 7 ] . The thermal conductivity of the coating also affects the casting products. It
accelerates or decelerates the solidification of molten metal by affecting the heat transfer
between the metal front, coating, and sand. The strength, permeability and thermal
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conductivity of coating are affected by the coating thickness, which in tum affects casting
products. Increasing coating thickness will increase coating strength. At the same time,
increasing coating thickness will decrease coating permeability while also increasing the
insulative properties of coating [ 1 8]. The coating thickness _can be adjusted to affect
permeability, liquid absorption properties, and thermal conductivity of the coating by
adjusting the coating viscosity and percent of solids [ 1 9].

However, it is found that coating permeability is only a part of the LFC
permeability system. Unbonded but compacted sand forms the other part of the
permeability system [20]. Sand is the most popular unbonded refractory granular material
used in the LFC process to compact the polystyrene foam pattern. Synthetic material,
Mullite, is also used in LFC for specific reasons. The refractory granular materials used
in LFC have two major functions in the LFC process: holding the pattern in place and
providing permeable pores for degraded material vapors. The tighter the granular
materials, the lower the permeability of the granular materials for degraded material
vapors. To get the best solution, the granular materials should provide the best balance
between compaction and permeability. The permeability of unbonded granular materials
mostly depends on its porosity after compaction, which is related to its particle size
distribution and particle shape. Because of the reuse of the unbonded granular materials,
the shape and size of the granular materials will change, so it is very important to monitor
the property changes of the unbonded granular materials in the assembly line as it is
being re-used.
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Therefore, it is very important to characterize the properties of the refractory
coatings and unbonded granular materials used in LFC to provide the online quality
control tools. Because the dried coating layer on the pattern is obtained by dipping the
foam pattern into a refractory coating slurry, therefore both of the two stages of the
refractory coating: coating slurry and dried coating layer should be considered in the
study.

The primary objective of this study is to develop new measurement techniques to
characterize the refractory materials used in the LFC process including refractory LFC
coating slurry, dried coating and the unbonded granular materials. A secondary objective
is to transfer the technology for implementation in a commercial foundry environment.
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PART 2. CHARACTERIZATION OF RHEOLOGY PROPERTIES OF
LOST FOAM CASTING COATING SLURRIES
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This chapter is a slightly revised version of a paper with the same title published
in Transactions of American Foundrymen 's Society in 2004 by Dayakar Penumadu, Xin
Chen and Calvin K. Johnson:
Penumadu, D., Chen, X., and Johnson, C. "Characterization of Rheological
Properties of Lost Foam Casting Refractory Slurries," Transactions of American
Foundrymen's Society, AFS, Paper No. 04-066, 2004.
My primary contributions to this paper include (1) developing experimental setup,
(2) most of the gathering and interpretation of literature, (3) performing most of the
laboratory experiments, (4) interpretation and analysis of test results, (5) most of the
writing.

ABSTRACT

To improve the quality of Lost Foam Casting process for reducing scrap rate and
increasing energy savings, the US Department of Energy through its National Industrial
Competitiveness through Energy, Environment, and Economics (NICEEE) program
sponsored the present study to develop new measurement techniques for improved
refractory coating slurries. In this study, new techniques are proposed to characterize the
rheological properties of the refractory coating slurries, including the creep and recovery
test, the thixotropic loop test and oscillatory tests. The approach presented in this study
will be useful to investigate the coating behavior at a large range of shear rate and shear
stress and to describe the complex viscoelastic behavior of these concentrated lost foam
casting coating slurries. The implication of Rheology data with the flow properties,
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sedimentation, sagging and leveling of coating slurries is presented to control coating
thickness, and can provide better understanding of coating slurries for its formulation and
manufacturing process control. A number of commercial coating slurries that are
currently being used in major Lost Foam Casting foundries were evaluated and the results
show significant differences in their rheological properties. These differences are related
to the formulation of these multi-component slurries, procedures associated with mixing
and dilution at the production facilities, and the target casting shape (for example engine
block versus a cylinder head) for which they are developed. The proposed approach of
using rheological properties in addition to viscosity values at a given spindle speed is
expected to provide important insight in to making coatings with desired properties to
make good quality metal castings at a reduced scrap rate.

INTRODUCTION

Lost Foam Casting (LFC), also known as Expandable Polystyrene Casting (EPC),
1s more widely used as a replacement to the conventional techniques ( sand and
investment castings) based on its advantages: zero degree draft on locators, near-net
shape, reduced environmental waste, and simplified production techniques (little
downstream machining and assembly). Many metal casting companies, such as General
Motors, Mercury Marine, Saturn, and Robinson Foundry, are applying LFC for engine
block and cylinder head castings with complex shapes to improve product quality with
cost savings.
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LFCs are produced by pouring molten metal into an Expandable Polystyrene
(EPS) foam pattern, which is surrounded by unbonded sand and compacted through
vibration. In order to obtain controlled pyrolysis of EPS foam and smooth casting
surface, the foam pattern is coated with refractory slurry. The EPS foam pattern degrades
into liquid and gas products and escapes into the loose sand after the molten metal is
introduced, and the metal then fills the foam pattern to yield the target casting.

During the pyrolysis process, a gas layer exists between the metal and the
polymer fronts. If the transport of pyrolysis products is hindered, a variety of defects in
the casting associated with the molten metal, degraded liquid and gaseous styrene
products will occur. Research has shown that most of the defects depend on how fast the
decomposed materials escape. Therefore, refractory coatings that are applied to foam
surfaces play a very important role in the success of LFC process. Defects commonly
observed in LFC are strongly related to the coating properties. The coating has to be
strong enough to resist the pressure from the sand and keep the sand contained while the
polystyrene becomes liquid and gas. If the strength of coating cannot resist the forces
caused by compaction and thermal expansion during casting, cracks will appear on the

coating, which will cause the molten metal to break through the cracks in the coating and
infiltrate into the surrounding sand. This kind of defect is called a metal penetration
defect. At the same time, it should have good transport property to permit the degraded
materials to pass through the coating into the sand, so that the molten metal can fill the
space left by the degraded materials. The transport property is usually measured by the
permeability test. High coating permeability usually leads to a high number of blisters
17

and formation of a thin layer of oxide and carbon that runs just beneath the cope surface
of the casting, connecting to the surface at some point [1, 2]. High coating permeability
will also cause turbulent metal flow during casting, which will increase the problems with
folds, the thin sheet-like discontinuities composed of carbon and aluminum and/or
magnesium oxides [2]. However, low coating permeability will produce defects such as
porosity, misruns and cold lap. The metal solidifying before the degraded materials
escape through the coating causes porosity defects. Misrun is an incomplete fill of the
cavity during pouring. Cold lap is a discontinuity on the casting surface that is a result of
the metal being too cold to fuse where the two streams of metal meet. The thermal
conductivity of the coating also affects the casting products. It accelerates or decelerates
the solidification of molten metal by affecting the heat transfer between the metal front,
coating, and sand. The strength, transport property and thermal conductivity of coating
are affected by the coating thickness, which in tum affects casting products. Increasing
coating thickness will increase coating strength. At the same time, increasing coating
thickness will decrease coating transport property while also increasing the insulative
properties of coating [3].

The coating thickness can be adjusted to affect transport property, liquid
absorption properties, and thermal conductivity of the coating by adjusting the coating
viscosity and percent of solids [4] . Ongoing research by the authors shows that the
coating thickness is not uniform at various locations of the foam pattern, as shown in
Figure 2.1. It is even possible that for certain coating slurries there is little or no coating
material layer after drying near sharp comers, which will result in metal penetration
18
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Figure 2.1 Example of LFC Coating Thickness

defects during the casting. Thus, it is very important to characterize relevant refractory
coating properties prior to metal pouring stage in the LFC process.

Based on past experiences with metal casting foundries, manufacturing suppliers
of these slurries monitor the following refractory coating slurry properties for quality
control in the foundry: dry deposit weight, wet deposit weight, viscosity, density,
temperature, percentage of solids within slurry and Ph [5]. More recently, the transport
capacity of pyrolyzed EPS foam products is being evaluated on 50 mm disks of dried
coating by obtaining its air permeability. Viscosity of coating slurry and the percentage of
solids affect the rheological properties of the coating slurry. In most Lost Foam Casting
foundries, workers normally adjust the rheological properties of coating slurries by
adding water and/or dispersant to adjust the viscosity and the percentage of solids based
on their experience. They add dispersant to only change the viscosity, but add water to
change both the percentage of solids and viscosity. Viscosity of coating slurry is usually
19

monitored online by a rotational viscometer at a certain spindle speed. In general, the1 0 0
rpm, 20 rpm, and 10 rp m values are the ones normally used in a Lost Foam Casting
foundry for Brookfield type viscometers. Percentage of solids is monitored by comparing
the weight of coating sample before and after drying. Viscosity and percentage of solids
within the slurry are used for process control. Wet deposit weight, dry deposit weight,
and dry coating disk permeability are also measured for product control purpose. The wet
deposit weight gives the information on how much the refractory coating materials have
been applied after the dipping process for entire pattern, which can be used to roughly
estimate a value for global coating thickness. It is obtained by measuring the weight of
the coated foam pattern before and after dipping. At this stage, there is still some coating
dripping down from the pattern, so the dry weight of coated foam is also measured to
calculate the dry deposit weight to determine the amount of coating left on the foam
pattern after drying.

A gas permeability test on a dried coating disk can be used to

characterize the capability of dry coating to dissipate degraded gas materials generated
from vaporized polystyrene by hot molten metal.

The parameters mentioned above give LFC foundries some fundamental tools for
the casting quality control because the rheological properties of the coating slurries
reflect the flow properties of the coating slurries, which can be related to the thickness of
the dried coating. It in tum affects the permeability, strength and thermal conductivity of
the dried coating, which are associated to several defects observed in LFC process.
However, the complicated composition of coating slurries in LFC causes the coating
slurries to have complex flow behavior, and cannot be described by a single viscosity
20

value, which strongly depends on the flow conditions. Increasing shear rate, these
coatings slurries are shear thinning and their viscosities decrease with increasing shear
rate. The coating slurries also exhibit viscoelastic behavior, which means that some of the
deformation can be recovered because of the elastic component in the coating slurries. By
understanding the viscoelastic behavior of the coating slurries, it is also possible to
minimize the sedimentation, sagging and leveling problems occurring during coating
application, and improved understanding related to better control of coating thickness.
Therefore, characterizing the rheological behavior of Lost Foam Casting coating slurries
by measuring only viscosity at a certain spindle speed is not sufficient.

There is little published information on the characterization of rheological
properties of LFC coating slurry. Using rotational rheometry, Sayavur et al. (1 999) [6]
have reported data for two types of refractory LFC coating materials (Polyshield P2325
and Polyshield P2400) that were supplied by the Citation Corporation, Birmingham, AL.
The viscous properties of these two Polyshield P2325 and Polyshield P2400 coating
slurries were measured by a computer controlled rotational viscometer, and the elastic
properties were measured by means of jet thrust technique. It was found that both
coatings exhibit non-Newtonian shear thinning and viscoelastic behavior. The parameters
obtained by using the Casson model were also developed to describe the relationship
between shear rate and viscosity in their study. Yield point 'ty was suggested as a measure
of the "sag resistance" of a coating implicitly correlating to the maximum coating
thickness, and viscosity value ll cx:: was suggested as a measure for correlating to the ease
of application at higher shear rates. Their study confirmed that LFC coatings are non21

Newtonian viscoelastic materials and thus the important rheology behavior can not be
described by measuring viscosity at a given spindle speed alone. Sayavur et al. also
proposed a relationship between coating slurry and dried coating thickness on the foam
pattern. However, these authors used a rotational viscometer and jet thrust technique to
investigate viscous and elastic properties of LFC coating slurries separately, which had
some drawbacks to characterize the viscoelastic properties of LFC coating slurries. Since
the LFC coating slurries exhibit non-Newtonian thixotropic behavior, it is important to
investigate the unloading behavior as well as the loading behavior. The yield stress
obtained by using regression models such as Casson or Hershel-Bulkley may not be
suitable because these results depend strongly on the experimental conditions and the
shear rate range used in the regression model [7, 8]. Cone-plate geometry was used in
their study for measuring viscous properties of LFC coating. However, the requirement
for using cone-plate geometry for materials containing particulate materials is that mean
particle diameter is five to ten times smaller than the gap between cone and plate. If the
mean particle diameter is too large, the particles can 'jam' at the cone apex resulting in
noisy data. The gap for cone-plate is usually around 0.05 mm, which does not satisfy the
minimum gap requirement based on the particle sizes often used in the LFC coatings
(mean equivalent particle diameters in the range of 0.0 1 mm - 0.05 mm based on volume
distribution using Laser Light Scattering technique). In addition, a very small volume of
coating slurry (around 0.7 cm3) can be used for cone-plate and parallel plate rheometry
undergo significant drying while performing rotational rheometry tests. Cone-Plate
geometry also has problems for slurries, which have large particles (such as refractory
coating) due to sedimentation and small gap requirement between cone and plate.
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In this study, cup-and-bob geometry is introduced to eliminate the particle
diameter and coating drying effects for determining rheology of these refractory slurries.
In addition, new approaches are proposed to characterize the rheological properties of the
coating slurries, including the creep and recovery test, the thixotropic loop test and
oscillatory tests. These techniques are useful to investigate the coating behavior at a large
range of shear rate and shear stress, and describe the viscoelastic behavior of coating
slurries by combining the viscosity and elasticity components. They provide the
information related to the flow properties, sedimentation, sagging and leveling of coating
slurries, which in tum can provide better understanding of coating slurries for coating
design and quality control. To demonstrate the newly developed laboratory testing
methods, a number of commercial coating slurries used in major LFC foundries were
investigated. The results showed significant differences in their rheological properties.
Implications of the research results leading to improved understanding for designing
coatings with target properties and for improved industrial refractory coating process
control is also described.

EXPERIMENTS

Five different types of Lost Foam Casting refractory coating slurries (A ,.., E) have
been included in the present testing program. These slurries were produced for General
Motors Powertrain LFC foundries by commercial suppliers. Malvern Mastersizer S based
on Laser Light Scattering technique was used to measure the mean equivalent volume
based diameters.
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In a LFC foundry, the coating slurries shipped originally from suppliers is usually
adjusted with water and/or dispersant to get desirable performance based on past
experience. In order to investigate the dilution effects, a synthetic coating F was obtained
by adding 5% of water by volume to a commercial coating D. Similarly, the synthetic
coating G was obtained by adding 5% of water by volume to another commercial coating
E. The information about the coating samples A ,...., G used in this study is listed in Table
2. 1 .

Rheological properties were determined using a stress-controlled rheometer SR5
manufactured by Rheometric Scientific using a cub-and-bob Couette (Table 2.2).
Rotation rate can be varied from O to 100 rad/sec using this system. It has a wide range of
test modes: controlled stress, controlled strain rate, controlled strain, controlled frequency
( oscillatory), and temperature control.
Table 2.1 Coating Samples Used in This Study

Coating
Bulk
Percentage
Density
Of solids
ID
(glee)

Mean Diameter (um)
(Based on volume distribution using
Laser Light Scattering)

A

1 .46

52.7%

62.6

B

1.33

42.71%

27.1

C

1.37

46.5%

33 .4

D

1.42

50.53%

50.6

E

1.55

62.73%

33.3

F

1.4

48.81%

50.6

G

1.53

60.77%

33.4
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Table 2.2 Rheometer Geometry Information and Testing Temperature

Geometry Type

Couette

Cup Diameter

30.5 [mm]

Bob Diameter

27.6 [mm]

Bob Length

42.0 [mm]
80.0 [ °F]

Temperature:

New Rheological Measurements for Lost Foam Casting Slurries are designed as
follows:
1 . Thixotropic Loop Test:
It is found that all of the Lost Foam Casting coatings used in this study exhibit
thixotropic behavior in which viscosity varies as a function of time and shear rate. The
thixotropic loop test is frequently used to characterize thixotropy of these slurries. The
thixotropic loop test was developed in which shear stress is increased using a steady ramp
from 0 to 30 Pa in 60 seconds on slurry sample contained in the cylindrical annulus of
cup and bob. After reaching the peak shear stress of 30 Pa, the shear stress was decreased
to reach a condition of zero shear stress in 60 seconds as shown in Figure 2.2 (a).

During this experiment, shear rate was evaluated as a function of applied shear
stress as shown in Figure 2.2 (b). This experiment gives valuable information associated
with coating behavior for varying shear rates that is anticipated in the dipping process of
a complex shaped foam pattern. The comparison between the loading and unloading
portions can be used to determine the degree of thixotropy in these samples. The area of
25
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Figure 2.2 (a) Typical Thixotropic Loop Test Profile (b) Typical Thixotropic Loop Test
Result

the loop can be used as an indicator of the rate of structural breakdown and recovery for a
fixed ramp time. A larger area of this loop implies slower breakdown-recovery rate [9] .
In addition, the initiation point of the non-linear region in the strain vs. stress curve in a

thixotropic loop test during loading portion corresponds to the yield stress. Thus, yield
stress can also be determined using this type of rheology test.

2. Creep and Recovery Test:
Lost Foam Casting coating slurries are not only viscous materials; they also
exhibit some elastic behavior. It indicates that if the coating slurry is subjected to a
constant small shear stress for a period then removed, some of the strain will recover in
26

certain time. The creep and recovery test will be useful for characterizing the viscoelastic
behavior. In this study, the creep and recovery test was performed on these coating
samples by applying a constant shear stress (0.2 to 0.3 pa) as shown in Figure 2.3(a) and
determining resulting strains as a function of time as shown in Figure 2.3 (b ). Since these
coating slurries had varied magnitude of yield stress depending on the supplier and its use
(engine block versus cylinder head), different shear stresses were applied here to obtain
measurable strain. It is also important to condition the material before this test to a known
stress history because of the thixotropic nature of these slurries [9]. In this research, the
samples were pre-sheared at 8 or 1 0 Pa depending on sample type for 60 seconds and
allowed to equilibrate for 5 minutes before the rheological measurements (based on initial
trial tests on various coating types).

Stress
't1

creep

recovery

Time
Strain �..

Tifne

t1

Figure 2.3 (a) Typical Creep and Recovery Test Profile (b) Typical Creep and Recovery
Test Result
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The compliance curves were used to model observed behavior because of its
unique relation to the applied stress within the linear viscoelastic region. The compliance
J(t) can be obtained through Equation (2. 1):
J(t) = r(t)
'o

(2. 1)

Shear stress 't = 'to is applied at to=O. Results from a creep and recovery test can be
used to evaluate the viscous and elastic components of coating slurries and to correlate
with possible sedimentation in the mixing tank and coating sagging after its application to
an EPS foam pattern.

3. Dynamic Stress Sweep (oscillatory) Tests:
The viscoelastic behavior is the combination of two ideal cases: Hookean
elasticity and Newtonian viscosity. The relationship between the applied stress and strain
for the Hookean elastic element can be expressed as:
(2.2)
The relationship between applied stress and shear rate for the Newtonian viscous
element can be expressed as:
'v

If a sinusoidal strain

=

rJ · fv

(2.3)

r = ro · sin(w · t) is applied to these two elements, Equation

(2.2) and Equation (2.3) will lead to the expressions:
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TE

Tv

= G · yo · sin( W · t)

= rJ · Yo

· W · COS(a> · t)

(2.4)
(2.5)

Equation (2.4) implies that the applied strain and the resulting shear stress for the
Hookean elastic element are in-phase with each other, while the applied strain and the
resulting shear stress for a Newtonian viscous element are 90° out-of phase. Thus,

oscillatory sinusoidal strain or stress can be applied to the coating slurries to investigate
the viscoelastic behavior. For a viscoelastic material, when a sinusoidal strain
y = Yo - sin(w · t)

is applied, the resulting shear stress will be measured as

r = rO • sin( w · t + 8) , where 8 is the phase-shift.

The magnitude of the complex modulus G* in Equation (2.6) measures the total
resistance to strain.
G* = �
Yo

(2.6)

The elastic component (in-phase term) can be defined as the storage modulus G ' :
,
*
r0 · cos 8
G = G - cos 8 = (-)
Yo

(2.7)

The viscous component (out-of-phase term) can be defined as the loss modulus
G" :
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G" = G* - sin 8 = (.:2_) · sin 8
Yo

(2.8)

The storage modulus G' is a measure of the energy stored and recovered in the
material, while the loss modulus G' ' is a measurement for the energy lost in the material.
The phase-shift 8 can be calculated as:
G"
tan 8 = 
G'

(2.9)

The phase-shift 8 is a measure of the viscoelasticity of a material. The closer the
phase-shift 8 is to 0°, the more elastic a given material is. The closer the phase-shift 8 is
to 90°, the more viscous a given material is. The tan 8 can be used to monitor the
viscoelasticity portions that contribute to gel strength and flow behavior. For instance,
when tan 8 > 1 , material exhibits viscous flow, while tan 8 <l material is more elastic
than viscous.

In this study, the dynamic stress sweep test was performed for these coating
slurries by applying increasing amplitude of oscillatory stress and measuring the dynamic
shear strain to determine the complex viscosity as shown in Figure 2.4. A sinusoidal
shear stress at a frequency of 1 rad/sec (0. 1 59Hz) was found to be appropriate for the
cup-and-bob Couette used in this research, considering its mass moment of inertia. The
storage modulus G' and loss modulus G' ' , which correspond to the ability of sample to
store and dissipate energy, respectively, were measured at different stress amplitude from
0.02 Pa - 60 Pa. G' is related to the elasticity while G" is related to the viscosity. The
30
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crossover point of G' and G ' ' was also of interest and can be used as an indicator of
proportional viscoelastic behavior.

4. Dynamic Strain Sweep (oscillatory) Test:
In the dynamic strain sweep test, the coating samples were subjected to a small
oscillatory strain and the resultant stresses were measured to determine the complex
viscosity. The coating samples underwent sinusoidal strain at a frequency of 62.83
rad/sec (1 OHz). The storage modulus G' and loss modulus G' ' were measured at different
strain magnitudes from 1 % -- 50%.

RESULTS AND DISCUSSION

1 . Thixotropic Loop Test
The thixotropic loop test data indicates that the viscosity decreases with
increasing shear rate, which implies a breakdown in the coating structure, as shown in
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Figure 2.5 (a). Once the shear rate decreases, the coating slurry will start rebuilding its
structure, which results in an increase in viscosity. Since not all of the structure can be
rebuilt in a short time, the viscosity during the unloading stage will be less than the
loading stage for given amplitude of shear stress. Thus for one shear rate, the flow curve
will produce two different viscosity values, which depend on the thixotropic nature of the
coating as illustrated in Figure 2.2 (b).

As shown in Figure 2.5 (a), coating slurries A ,.., G had significant differences of
rheological behavior from the thixotropic loop test. Coatings A, D, and F are much more
viscous than other coatings. The area of the loop can be taken as an indicator of the rate
of structural breakdown and recovery for a given ramp time. A larger loop area indicates
lower breakdown-recovery rate [9]. Thus, as shown in Figure 2.5 (b) coatings C and B
have lower breakdown-recovery rates than others. In general, it can be stated that
coatings with larger thixotropic loop area flow less and are less prone to sagging and
slumping. If the breakdown-recovery rate is too high, the leveling process may be
stopped by the reconstructed yield stress. Conversely, if the breakdown-recovery rate is
low enough, the leveling may be complete before the emergence of a significant yield
stress [10]. Coating G has higher loop area and smaller viscosity; thus coating G has good
flow properties, which relates to the ease of its application to the expanded polystyrene
foam pattern. Coating G has good potential to complete the leveling process, while it may
not hold enough coating on the foam pattern because of its lower breakdown-recovery
rate and lower viscosity. Thus, coating G can lead to a higher potential for the occurrence
of metal penetration defects because of the possible thinner coating thickness. As shown
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in Figure 2.6, due to gravity, the solid particles in coating slurries will settle down with
the time. The sedimentation velocity is inversely proportional to the viscosity for a given
coating. As an example, adding only 5% (by volume) of water to coating E, the
susceptibility of sedimentation is increased due to noticeable decrease in viscosity at
various shear rates as shown in Figure 2.5 (a).

In LFC foundries, the rheological properties of coating slurries are usually
adjusted by adding water and/or dispersant. In order to investigate the influence of adding
water on the rheological properties of coating slurries, the diluted coating slurries were
also tested for comparison. Diluted coating samples F and G were obtained by adding 5%
of water by volume to coating D and E individually. By comparing coating D vs. F and
coating E vs. G in Figure 2.5, it can be seen clearly that the dilution changes the
thixotropic behavior of the coatings significantly. The dilution reduces the viscosity of
the coating and the breakdown-recovery rate, which indicates that adding water will
weaken the coating structures to make the coating flow with ease. It implies that the flow
properties and sedimentation behaviors of coating slurries can be optimized by adding
water. However, the amount of water added into the coating slurries should be in an
acceptable range for sufficient gel strength and breakdown-recovery rate.

An appropriate degree of thixotropy in LFC coating slurries is desirable, since the
coatings can remain thick while at rest to avoid sedimentation and slumping and become
thinner for ease to apply once under shear. During the conditions of flow, the viscosity of
the coating will decrease, which makes coating have higher flow properties to spread
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through all the narrow passages within the complex shaped foam pattern. After the
process of dipping a foam pattern in a slurry tank, it is then necessary for the coating
slurry to rebuild its structure to increase gel strength to prevent the coating from dripping
away from the foam pattern. The recovery should be slow enough for coating to flow and
level, while fast enough for coating to prevent sagging where coating thickness is high.
Therefore, the desirable thixotropic properties should be designed for LFC coatings to get
good flow properties and recovery ability. By using a thixotropic loop test described in
this study, the degree of thixotropy of the coating slurries can be monitored and evaluated
for LFC coating design and quality control.

2. Creep and Recovery Test
Viscoelastic behavior 1s a combination of two idealized phenomenological
models: Hookean elasticity and Newtonian viscosity.

The viscoelastic mechanical

responses can be modeled by combining these two ideal cases in various ways. As seen in
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Figure 2. 7, the idealized Hookean elasticity can be modeled as a spring with elastic
modulus G, and the idealized Newtonian viscosity can be modeled as a dashpot (damper)
with a viscosity of 11. Generally, the Maxwell, Kelvin-Voigt and Burgers models are
widely used for characterization of viscoelasticity (Figure 2. 7).

The Maxwell model consists of a spring and a dashpot in series. If a constant
stress t = to is applied at to=O, then released after t = t 1 , the strain y(t) as a function of
time t can be expressed as:

(2.1 0 )

The Kelvin-Voigt model consists of a spring and dashpot in parallel. If a constant
stress t = to is applied at to=O, then removed after t = t 1 , the strain y(t) as a function of
time t can be expressed as:

' {

-t },

y(t) = � · 1 - exp(1)
T

y(t) = � · exp(

- (t - t1 )
A

),

if
if

A is the retardation time and defined as A = 11/G.
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Figure 2. 7 Viscoelastic Characterization Models
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From Figure 2.8, it can be seen that compliance J(t) defined in Equation (2.1) in
the Maxwell model has an initial jump due to the spring element, and the dashpot will
continue to deform as long as the stress is present. The deformation due to dashpot is
permanent and cannot be recovered even if the stress is removed. The response of the
Kelvin-Voigt model is not immediate since the dashpot retards the response. And the
Kelvin-Voigt model eventually recovers its initial state after the stress is released.
However, the Maxwell and Kelvin-Voigt models are too simple to describe accurately the
experimental data obtained in this research for refractory coating slurries. The Four
parameter Burgers model is found to be more suitable to describe the creep and recovery
behavior of LFC coating materials. The Burgers model is a combination of the Maxwell
and Kelvin-Voigt model as shown in Figure 2. 7.

- Burgers Model
- • - Kelvin-Voigt Model
• • • • • Maxwell Model

Figure 2.8 Creep and Recovery Responses of Viscoelasticity Models
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The response of strain y(t) can be expressed as Equation (2.12) [11]:
y(t) =

T

o •

t

172
T

+

· tI

T
o

Gz

+ � (1 - exp(=!_)),

T

Ai

GI

O • exp(
y(t) = _O_ + _

172

GI

- (t - t )
I

Ai

-t
t
J(t) = - + J2 + JI (1 - exp(-)),

/4i

1J2

- (t - t1 )
t1
+ JI · exp(
J(t) = J1

J2

=

1J2

Ai

),

t < tI

if

),

if
if
if

t > !I
t < tI
t > t1

(2.12)

GI

=


G2

Burgers model has an initial strain jump y(O) =

T0 • J2

and recoverable strain Ys(O)

= J · T0 = T0 · J1 + T0 • J2 , which is equivalent to the intercept of the extrapolated steady
s

state curve. The compliance is a better approach to modeling the rheological properties of
refractory coatings than time dependent shear strain y(t), because the compliance is
independent of the applied stress.

In this study, the measured creep and recovery test data was used in the Burgers
model using J(t) vs. t curves to evaluate the parameters. Retardation time A 1 = 11 1 /01, the
steady-state compliance Js and the viscosity 112 are obtained from the fitted Burgers
models to characterize the viscoelasticity properties of coatings. Js divided by peak J(t)
is used to calculate the recovery percentage. Because sagging and sedimentation are
gravity-driven processes (Figure 2.6), which equals a small amount of stress applied on
the samples to make samples creep and recover, the parameters obtained from creep and
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recovery tests, as shown m Table 2.3, can be used to evaluate the sagging and
sedimentation processes.

Table 2.3 and Figure 2.9 indicate that all of the coating types fit the Burgers
model fairly well (R2� 1 ). Because a larger recovery percentage indicates less
sedimentation, thus coating A has the best performance to avoid sedimentation. Higher 11 2
will reduce the degree of sagging, thus coating C has the best performance to avoid large
amount of sagging while coating F will have a high degree of sagging compared to
others. Relaxation time A2 = 11 2/02 can also be obtained, which is related to the leveling
behavior; the leveling rate will decrease and the leveling half-time will increase with
increasing A2 [9] . Deborah number De can be used to evaluate the viscoelasticity of a
particular process. De is the ratio of the stress relaxation time, A2 , to the duration of the
process stress, t. as shown in Equation (2. 1 3):
De == ,1,2
t

(2. 1 3)

If the process time t greatly exceeds the relaxation time A2 (De << 1 ), the material
will respond as a viscous fluid because elastic stress has time to decay. On the other hand,
if De >> 1 the stress duration is too short to let viscous relaxation and the material will
respond as if an elastic solid [9] .

40

Table 2.3 Burgers Models Fitting Results for Coatings A - G
Coating
Samples

R2

Recovery
%

A.1

Pa. s

1s =J 1+Ji
Pa- 1

A

53 87.10

0 .0 267

70 .85%

8.80

0 .9920

B

255 8.90

0 .03 03

56.87%

10.86

0 .9952

C

19590 .0 0

0 .0 0 5 8

64 .71%

13 .57

0 .9865

D

296.19

0 .2724

57.85%

8.97

0 .9987

E

2622.90

0 .0311

5 8.28%

10 .03

0 .9977

F

1 7.69

1.21 67

26.62%

9.99

0 .9992

G

20 66.60

0 .04 72

62.3 8%

11.19

0 .99 86
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Figure 2.9 Creep and Recover Curves of Coating A - E
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1 40

It also is found that dilution affects recovery ability by comparing coatings D vs.
F and coatings E vs. G (Figure 2. 1 0). Dilution dramatically reduced coating D's recovery
ability, while it had a slight influence on coating E.

3 . Oscillatory tests
In the oscillatory tests, there is a linear viscoelastic region in which G' and G" are
independent of applied strain/stress. This indicates that the components in the coating
slurry formed a network, which can store energy under small deformations. In addition,
G' is greater than G" indicating coating behavior is more elastic than viscous. Once the
strain goes beyond critical strain/stress, G' will decrease. This indicates a disruption of
the network, and viscosity will dominate in the coating slurry over elasticity. The length
of the linear viscoelastic region of storage modulus G' can be used as a measure of the
stability of a sample's structure, since structural properties are highly related to its
elasticity. The longer linear viscoelastic region of storage modulus G' means larger
critical strain/stress value, which indicates the minimum energy needed to disrupt the
coating structure. If the applied strain/stress is less than critical strain/stress, the coating
structure is not destroyed. Thus, this critical strain/stress can be used to evaluate the
degree of breaking the structure.

From Figure 2. 1 1 , it can be seen that all five original commercial coating slurries
A - E have the linear viscoelastic regions. Moreover, coating C has the highest storage
modulus G' and the longest linear region, which indicates coating C is much more stable
than others under oscillation shear stress, therefore stronger associations between the
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particles. Coating D has inferior stability to the others under oscillation shear stress. As
seen in Figure 2. 1 2, at small strains most of the coatings except the sample F have the
linear viscoelastic regions. Coatings A, B and C have longer linear viscoelastic regions
(LVER) and higher critical strains than others under shear strain, which indicates coating
A, B and C are more stable under oscillatory shear stress. Coating E has intermediate
LVER, and coating F has the lowest range of linear viscoelasticity.

It is also found that the dilution weakens the structures of the coating slurries.
From Figure 2. 1 2, it can be seen that diluted coating F and G have lower G' and G" than
original coating D and E. Coating F does not even show a linear viscoelastic region,
which indicates the diluted coatings have poorer networks between components.
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Figure 2.12 Storage Modulus G' and Loss Modulus G" in Dynamic Strain Sweep Test
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In addition, dynamic stress sweep can also be used to measure the yield stress
(also commonly known as yield point). The yield stress or yield point is a critical value,
which indicates a threshold value of shear stress that will cause the coating sample to
flow. In practice, yield stress can have very important consequences for the processing,
stability and application of coating. Because the shear stress decreases during the leveling
process, the coating may become immobile when the dynamic yield stress is reached,
thus coatings with significant yield stresses may exhibit poor leveling. On the other hand,
coating slurry with small amplitude of yield stress can be of great value in inhibiting
settling of particulate suspensions [9]. The yield stress can also be used as a measure of
the "sag resistance" of a coating because the coating layer having a yield stress -r will not
sag unless the gravitational shear stress exceeds the yield stress (Figure 2.6). In the
Dynamic Stress Sweep test, at small stress the G' and G' ' will be independent of the
stress. As the stress increases, G' and G" start to decrease, which indicates the structures
in the materials start to be broken down. Once G' and G" curves cross over, the material
starts to flow because viscosity in the materials overcomes the elasticity in the materials.
Therefore the G' and G' ' crossover point can be used as an indicator of yield stress: the
higher the crossover stress point, the higher the yield stress.

As shown in Figure 2 . 1 3, coating D has the lowest G' and G" crossover point,
indicating coating D has lowest yield stress. The low yield stress may cause settling
problems in coating D, which is seen in practice. Coating C may result in the greatest
layer thickness without "sagging" because of high yield stress. Results of dynamic stress
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sweep test for coatings F and G were not included, because the measured data did not
show clearly a linear viscoelastic region as well as an indication of crossover point.

CONCLUSIONS
1.

New approaches are proposed to characterize the rheological properties of Lost

Foam Casting coating slurries, including the creep and recovery test, the thixotropic loop
test and oscillatory tests. The creep and recovery test can be used to investigate the
viscoelastic behavior of LFC coating slurries by considering the viscosity and elasticity
together. The Burgers model can be used to model the viscoelastic behavior observed in
the creep and recovery test, and the model parameters can be used to relate to its flow
properties, sedimentation, sagging and leveling from an application point of view. The
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degree of thixotropy in LFC coating slurries can be monitored by a thixotropic loop test.
Results from this test can be related to the leveling and the ease of application to a foam
pattern by quantifying its gel strength. Dynamic Stress Sweep and Dynamic Strain Sweep
can be used to determine the amplitude of yield stress or yield point, linear visco-elastic
region, and the critical strain/stress of given a coating to predict sagging and stability of
the coating slurries. The information obtained from the proposed experiments can be used
for improved manufacturing process control of refractory slurries and evaluate the effects
of composition variations from different coatings.

2.

Five types of commercial LFC coating slurries (A to E) that are currently being

used in automotive power-train companies were investigated experimentally. Diluted
coatings (F and G) were also included in this study to investigate the effect of dilution (by
adding water) on the coating properties. It has been determined that all these seven
coating slurries exhibit non-Newtonian thixotropic behavior, which indicates the
viscosities of these coating slurries strongly depended on the shear conditions. It was also
established that all of these seven refractory slurries possessed significant viscoelastic
behaviors, and obey the Burgers rheology model over the shear range that was

encountered in this study. The model parameters that best approximate creep and
recovery data gave useful information about the sedimentation and sagging behavior of
the coating slurries. It was also found that these seven coating slurries had significantly
different rheological properties associated with the linear viscoelastic region, G' and G"
and crossover point, gel strength, and the degree of thixotropy. Better control of these
parameters will improve the control of refractory coating thickness on expanded
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polystyrene foam patterns of complex shape and is very important for making successful
castings.

3.

The results also demonstrated that dilution has significant affect on the coating

rheological properties. The dilution weakens the structures of the coating slurries, which
in tum reduces the viscosity and changes the degree of thixotropy of coating slurries. It
was also found that the same percentage of dilution may have substantially varied effect
on different slurries and depend on the formulation of these refractory coatings.
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PART 3. PARTICLE SIZE AND SHAPE CHARACTERIZATION OF
REFRACTORY COATING MATERIALS
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This part is a slightly revised version of a paper with the same title to be
submitted to the Journal of Material Research in 2004 by Xin Chen and Dayakar
Penumadu:
Chen, X., and Penumadu, D. "Particle size and shape characterization of
refractory coating materials," to be submitted, Journal of Material Research, 2004.
My primary contributions to this paper include (1) developing of experimental
setup, (2) most of the gathering and interpretation of literature, (3) performing the
laboratory experiments, ( 4) interpretation and analysis of test results, (5) most of the
writing.

ABSTRACT

It was well known that the refractory Lost Foam Casting (LFC) coating has been
one of the critical factors controlling the quality of final casting. In order to avoid defects
caused by refractory LFC coating failures, the refractory coating needs to be well
controlled to provide sufficient mechanical and transport properties during the casting
process. The characterization of the particles in the refractory coating is an important
means to optimize and control product properties. In this study, a number of commercial
particle sizing instruments based on different theoretical backgrounds are evaluated for
comparison purpose. These techniques are Laser Light Scattering, Single Particle Optical
Sensing, Sedimentation, Electrical Sensing Zone and Imaging Analysis. In addition, a
quantitative approach to characterizing particle shape is also investigated. Experimental
results indicate that different particle sizing techniques will result in distinct results on the
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particle size information. Non-spherical shapes of the particles in Lost Foam Casting
coating will influence the particle size results from different techniques. This study also
discussed the advantages and disadvantages of each particle sizing technique.

INTRODUCTION

In the LFC Process, polystyrene foam pattern is coated with refractory coatings in
order to improve the surface of the final cast products and avoid metal run-out defects.
Among the most important properties of the refractory coating used in the LFC process
are sufficient mechanical strength, good transport properties and sufficient thermal
properties. If the coating fails to demonstrate these three properties, it may results in
defects in the final cast products such as metal penetration, blisters, folds, misruns and
cold laps.

Physical properties of a particulate system are generally the combination results
of their individual constituents [ 1 ]. Therefore, in order to achieve desirable mechanical
strength, transport properties and thermal properties, it is essential to characterize the
individual constituents in the coating slurry. Particle size and shape are the fundamental
properties of an individual particle. As a result, it is essential to characterize the particle
size and shape of particles in the LFC coating, which generally consists of refractory,
carrier, binder, suspending agent, dispersant, biocide, and other additives [2] .

In general, particle size measurements are monitored routinely in industry as a
parameter of product control. Furthermore, industry uses the particle size measurement to
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interpret and predict the bulk behavior of the ensembles of particles. It is also possible to
design the particles and the particle mixture to produce required properties based on the
relationship between particle size measurement and the bulk behavior.

For instance,

Chang et al. [3 ] studied the LFC coatings with three kinds of particle sizes, they
concluded that (i) increasing the particle size raised the permeability of coating, (ii) the
coating using a small particle size increased the coating strength.

Particle shape is believed to be another factor that influences coating slurries'
properties such as the rheological, packing behavior and stability. For instance,
Lohmander found that shape factors of kaolin and aragonite pigments affect the packing
ability, strength and porosity of the coating layers [4 ]. In the LFC pattern preparation, the
LFC refractory coating also has slurry stage. Therefore, it is reasonable to assume that the
shape information of the particles in the LFC refractory coating slurries will affect the
LFC refractory coating's behavior. It was confirmed in Chang et al. 's study [3 ], they
studied refractory coating slurries consisting of angular silica and flaky alumina, and
concluded that (i) flaky alumina particles developed a greater strength than angular silica
particles, (ii) the coating with flaky alumina particles demonstrated a superior
permeability to that using angular silica particles.

Therefore, it is necessary to monitor and characterize particle size and shape
information to understand the properties of the LFC coating slurries such as rheological
behavior, porosity and strength of dried coating. The particle size is generally determined
by measuring a size-dependent physical property of the particle. For instance, in the
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sedimentation sizing analysis, the settling velocity of the particle is measured and
compared to the settling velocity of a sphere at the same condition; thus, the size of the
particle is determined by the "equivalent sedimentation sphere diameter", also called the
"Stokes' diameter".

There are a great number of commercial instruments based on different theories
available on the market for the particle sizing purpose, so it is questionable they will yield
same results. Therefore, there is a critical need to evaluate and compare various particle
sizing techniques. In this study, various commercial instruments based on different
theories were employed to measure the particle size distribution for two types of
commercial LFC coatings. Differences of these instruments were discussed to explain the
discrepancy of measured particle size distribution. In Chang's study, the relationships
between particle shape and coating macro behaviors were observed and explained.
However, in Chang's study, the particle shape was categorized as flaky and angular,
which only provides qualitative assessment of the particle shape. In order to better
understand the particle shape effects, this study proposed an approach to characterize
particle shape quantitatively. This study also discussed the advantages and disadvantages
of the shape characterization approach used for LFC coating samples.

EXPERIMENTS

1 . Coating Samples
In this work, two types of refractory LFC coating slurries (B and H) have been
investigated. These two coating slurries are currently being used in major Lost Foam
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Casting foundries for different parts such as an engine block or a cylinder head. These
two coatings are water based and consist of silica, mica, binding clay, synthetic ceramic
particles, and some latex binder with solids percentage of 40% - 62%. Coating B is
mainly mica-based and coating H mostly consists of silica. In order to duplicate the
procedure used in LFC foundries for particle sizing, samples for particle size and shape
measurements in this study were prepared by dispersing original coating slurries into
water. Each sample was well mixed to ensure a homogenous suspension and then
analyzed according to standard operating procedure for each instrumentation type.

2. Instruments
To evaluate the techniques of characterizing particle size and shape, the following
commercial instruments based on different theories were used:
•

Laser Light Scattering (Mastersizer S, Malvern Instruments and Saturn
DigiSizer 5200, Micromeritics Instrument Co.)

•

Electrical Sensing Zone (Micromeritics Elzone Particle Size Analyzer,
Micromeritics Instrument Co.)

•

Single Particle Optical Sensing (AccuSizer 770, Partilce Technology Labs,
Ltd.)

•

X-ray Sedimentation (Sedigraph 5 1 00, Micromeritics Instrument Co.)

•

Imaging Analysis (Flow Particle Imaging Analyzer, SYSMEX)

Particle shape information of these two refractory LFC coatings was analyzed by
using the Flow Particle Imaging Analyzer (SYSMEX).
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Laser Light Scattering (LLS) is based on the measurement of the scattered laser
light pattern originating from particles flowing through a laser light beam zone. The
captured scattering pattern is analyzed by the Mie theory [ 5] to determine the particle size
distribution.

Electrical Sensing Zone also called Elzone is based on the Coulter principle [6, 7].
During an Electrical Sensing Zone analysis, an orifice tube with an electrode is placed
inside and the second electrode is placed in the sample container with electrolyte as
shown in Figure 3. 1 . A steady electric current flows from the second electrode to the
electrode in orifice tube. A vacuum is used to pull sample solution through the orifice.
The particle will displace the conductive electrolyte while passing through the orifice,
which creates a pulse in the steady voltage, and this voltage is proportional to the particle
volume according to the Coulter principle. Therefore, the pulses of the voltage can
measure the number and the sizes of particles.

Electric current
&
Voltage pulse
me asurement
Electro des

Figure 3.1 Schematics of Electric Sensing Zone Particle Sizing System
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Single Particle Optical Sensing (SPOS) is based on light scattering and extinction
theory. During the SPOS analysis, particles in liquid suspension are made to flow across
a small "view volume" one by one (single particle). As shown in Figure 3 .2, the "view
volume" is a region of uniform thin ribbon light produced by a laser diode. The light will
be blocked or scattered by the particle in the "view volume". The blocked or scattered
light will be captured by either the light scattering detector (particle smaller than 1 .3um)
or the light extinction detector (particle larger than l .3um), which generates a signal
pulse. The height of the signal pulse increases with the particle diameter, thus the
diameter of the particle is determined [8- 1 1].

X-ray Sedimentation method is based on Stokes law [ 1 2] that different size
particles will have different settling velocities. The largest particles settle fastest, while
the smallest particles settle slowest. Therefore the measured settling rate can be used to
calculate the particle size distribution based on Stoke's law. Brown and Skrebowski first
suggested the use of X-rays for particle size analysis [13]. During X-ray sedimentation
analysis, the sample is placed into a viscosity specific fluid. An X-ray beam scans the
particle cell to determine the particle concentration, i.e., the intensity of the passing beam.

Then, the X-ray intensity is used to determine the settling rate, therefore, the particle size
distribution.

Imaging Analysis has been extensively employed for particle size analysis.
Scanning Electronic Microscope (SEM) is one of the most popular particle s1zmg
techniques based on imaging analysis. SEM provides the opportunity for observing
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Figure 3.2 Schematics of Single Particle Optical Sensing Particle Sizing System

individual particle with high degree of clarity in digital form. In addition, SEM is the
general means to examine the particle shape, aspect and morphology. However, it
involves laborious sample preparation procedure and needs experienced technicians to
obtain electron micrographs. In addition, due to the small number of acquired images, the
sampling technique, given the complexity of this technique, it is difficult to obtain
statistically admissible quantitative data [ 1 4]. Flow Particle Imaging Analyzer (FPIA)
manufactured by SYSMEX is an automatic digital imaging analysis device. It overcomes
some of the shortcomings of SEM mentioned above, and can measure more than 30,000
particles in less than 5 minutes. In FPIA, the sample is aspirated using a pipette and
drawn into an agitation chamber where it is maintained in suspension. When the particles
flow through the flow cell, the particles are sandwiched between two sheath flows
through hydrodynamic effects. The cell is illuminated with a stroboscope and images of
the particles are captured every 1130th of a second. Then, the pictures are digitized into
black-white images. Digital imaging analysis is used in real time to calculate the area of

58

projected particles. Then, the diameter of equivalent area circle is determined for
representing the particle size.

Many of the particle sizing techniques mentioned above assume that the particle
has a spherical shape, which limits their capability to measure the particle shape
information. In this study, FPIA is proposed to investigate the particle shape information
for the refractory coating slurries. In FPIA, the particle shape information is characterized
by a term called Circularity, which is determined as the ratio of the circumference of
equivalent area circle to the perimeter of the proj ected particle image as illustrated in
Figure 3.3. A perfect circle will have a circularity of one; particles with non-circular
shapes will have circularity values less than one. Table 3. 1 shows some typical particle
shapes and their circularity values.

Same Area

ct,cle Circumference

Clrcula rtty=

Figure 3.3 Calculate Circularity for Captured Particle
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Table 3.1 Calculated Circularities for the Particles with Different Shapes
Circularity

Particle Shape

0

0
D

Circle

1 .000

Hexagon

0.952

Pentagon

0.930

Square

0.886

Triangle

0.777
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RESULTS AND DISCUSSION

Particle size distribution measured by various techniques for identical slurry
samples is shown in Figure 3 .4 to Figure 3.11. It is no surprise that particle sizing
techniques based on different methods yield varying results, which is caused by the non
spherical shapes of the particles used in the refractory samples. In this study, both
coatings (B and H) predominantly consist of non-spherical particles. Coating B is mainly
mica-based, which mostly consists of flaky particles; coating H is mainly silica-based,
which mostly consists of bulky and angular particles.

Comparing Figure 3 .4 and Figure 3 .5, volume based particle size distributions of
coating H obtained from different techniques are much closer than those of coating B,
especially for the particles larger than 10 um. Figure 3 . 7 shows that most of the
techniques except FPIA picked up the same particle size mode for coating H. However,
this does not happen to sizing results for coating B, as shown in Figure 3 .6. Figure 3 .9
shows that most of the particle sizing techniques except FPIA yield relatively close
particle size measurements at arithmetic mean and 90% passing for coating H. Figure 3.8
shows a relatively larger variation between the different techniques. It suggests that

different particle sizing techniques may obtain relatively close results for bulky and
angular shaped particles; while large variations are interpreted for flaky shaped particles.
This is similar to inferring that that different particle sizing techniques may yield
agreeable results if particles' shapes are close to having a spherical shape.
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The results above also show that both Malvern Mastersizer S and Saturn
DigiSizer 5200 measured identical volume based particle size information for coating B
and H. It indicates that the instruments based on same technique will generate same
results regardless of particle shapes if the samples are prepared and measured under high
degree of care.

In general, volume based particle size distribution is widely used in research
publications and for various industrial application for quality control. However, volume
based particle size distribution may ignore the effect of large number of fine particles in a
measured sample because the total volume of these fine particles is normally too small to
be distinguished on the volume based particle size distribution curve. It may be useful to
consider a specific example to illustrate this. Imagine that there are 1000 particles of 1um
diameter and 10 particles of 100 um diameter. These 1000 particles having a diameter of
1 um only account for <<1 % volume distribution. Even if the number of fine particles
increases by 10 times of previous situation, the fine particle volume only corresponds to
1 % of total volume. However, the existence of the large number of fine particles will
definitely change the behavior of a given sample. Fine particles will dramatically increase
the strength of the bonding in aggregates and agglomerates [15]. Fine particles will also
increase the roughness of the coating surface and specific surface area, which are
important for the LFC coating quality. However, the amount of fine particles in LFC
coating is hard to determine from volume based particle size distribution. Therefore, it is
necessary to include the number based particle size distribution to understand the effects
of fine particles on the coating behavior. Figure 3.10 and Figure 3 .11 show the number

66

based particle size distribution for coating B and H. It can be seen that most of the
particles by number count are smaller than 1 um. Because Ezlone, SPOS and FPIA
techniques measure particle size one by one during the measurement process, Elzone,
SPOS and FPIA can obtain relatively accurate number-based particle size distribution
data compared to LLS and SediGraph methods. The discrepancy in Figure 3.10 and
Figure 3.1 1 for different sizing techniques can be attributed to the different measurable
ranges for these different sizing techniques.

It can be also seen from Figure 3.4 and Figure 3.5 that volume based particle size

distributions obtained from SediGraph are finer than results from other techniques for
both coating B and H. SediGraph is based on Stoke's law, which applies only for laminar
flow with low Reynolds number when inertial terms can be neglected. Under laminar
flow conditions, particles settle in random orientation; however, once turbulence sets,
particles will take up an orientation, which gives maximum resistance to drag [ 14, 1 5].
Therefore, if turbulent flow happens, particles will settle more slowly than Stoke's law
predicts, and the measured particle size distribution will appear finer. The irregular shape
of the particles is one of the major reasons to cause turbulence of flow. Bernhardt studied
mono-disperse spheroids with constant axial ratio and concluded that it was necessary to
include the particle shape in the consideration of the sedimentation particle sizing
measurement [ 1 6]. This explains why volume based particle size distributions obtained
from SediGraph are finer than results from other techniques for both coating B and H.
Comparing Figure 3.4 and Figure 3.5, it seems that the "finer" phenomenon is more
obvious for coating B than coating H, which might be attributed to coating B's flaky
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particle shape. Besides the Reynolds number issue, there are some other issues that
should be carefully considered in the sedimentation approach for obtaining particle sizing
information. When particles are sufficiently small, Brownian motion will be more
dominant than gravity. From the comparison of Brownian movement displacement and
gravitational settling displacement reported by Fuchs [17], it can be concluded that the
use of gravitational sedimentation in water for particle size analysis is limited to particles
greater than about 1um for which the Brownian motion does not exceed the gravitational
motion. Therefore, it is reasonable to believe that gravitational sedimentation particle
sizing technique is limited to particle sizes greater than 1um. In addition, the samples'
concentration, viscosity, temperature, and particles densities should also be taken into
consideration to avoid bias in the measurements. Sedimentation based particle size
technique is also very time consuming. It took more than 1 hour to measure each sample
of coating B and H.

Laser Light Scattering technique has a few drawbacks for the particle size
analysis. First, the Mie theory is used based on the solution of the scattering from a
spherical and homogeneous particle of a given diameter in a suspension medium. Most of
the LFC refractory coating slurries is mica or silica based, which have irregular particle
shapes. The sphere assumption in Mie theory may give a large bias to the LFC refractory
coating slurries because of the non-spherical particle shapes [ 18, 19]. Moreover, the
analysis results depend on the values of relative refractive index and the incident
wavelength [ 1]. Past literature has addressed the problem of using appropriate refractive
index for obtaining the particle size information. Bonin and Queiroz addressed the
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problem of the refractive index to the amplitude-based particle sizing instruments [20].
Zhang and Xu discussed the effect of varying refractive index on the particle sizing
system, which depends on the amplitude of the light scattering signals [21]. Roth et al.
addressed the problem of an unknown refractive index to the particle measurement [22].
Accurate particle size information will be difficult to measure because of the unknown
refractive index of the LFC coating slurries. Malvern Master Sizer uses the refractive
index as one of the input parameters to predict the particle sizes; therefore, in order to get
accurate particle information, users have to obtain the particle's representative refractive
index value before the measurement. Because of the complex ingredients in the coating
slurries, it is very difficult to obtain the accurate and equivalent refractive index. In
addition, the refractive index varies with the temperature [22].

Elzone analysis responds essentially to the particle volume and makes no
assumption about the particle shape, which makes Elzone analysis very promising to
measure the true particle volume. However, there is considerable evidence that particle
shape should also be considered in the analysis, especially in extreme cases like flaky
material [23]. Elzone analysis might oversize the flaky particles by measuring the volume
swept out by the particles that rotate as passing through the sensor [14] . In addition,
another drawback makes the Elzone analysis not practical for online use in the LFC
industry. For materials of relatively wide particle size distribution, in order to avoid the
risk of blocking the orifices, appropriate sized orifices should be changed during the
measurement. Due to the change of apertures, the measurement process might be slow. In
this study, two aperture tubes were used to avoid the clogging, which resulted in a
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measurement time of 90 minutes for each sample. Furthermore, the Elzone analysis
requires that the sample with low concentration is used to avoid the coincident particle
passage, although most modem Elzone analyzers provide automatically coincidence
correction [23].

Compared to the particle size distribution results from other sizing techniques,
volume based particle size distributions obtained by FPIA are far different from others
for both coating B and H. SediGraph, SPOS, Elzone and LLS directly measure particle
volume and calculated particle size by assuming the perfect spherical shape. However,
FPIA measures projected particle area and calculates the "Equivalent Circle Area
Diameter" to indirectly yield the volume based particle size distribution by assuming the
perfect spherical shape. If there is a ±3% error in the size measurement from imaging
analysis based sizing technique, when the number based mean size is converted to a
volume based mean size the error will be ±27% [ 1 , 1 5]. Therefore, one should be very
cautious to use the volume based particle size distribution obtained from imaging analysis
techniques such as SEM and FPIA.

Although FPIA has the disadvantage when determining the volume based particle
size distribution, its other advantages still make it one of the strongest competitors for
particle sizing. Agglomeration is very common and very difficult to overcome in a
particle suspension system. However, it is very difficult for particle sizing instruments,
such as LLS, SPOS, Elzone and SediGraph, to be aware of agglomeration in the sample
being analyzed. This is illustrated in Figure 3. 1 2, which introduces bias in the particle
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I 20l,lm

Figure 3.12 Illustration of Agglomeration in the Measured Samples (images from FPIA)

size measurement. Because FPIA can obtain the images of measured particles, from the
images as shown Figure 3.12, it can be easily determined that the measured sample has
not achieved a good dispersion. These agglomerations will significantly influence the
particle size measurement results. Therefore, besides particle size measurement, FPIA
can also be used qualitatively to judge whether a good dispersion has been achieved or
whether agglomeration is present in the system, which cannot be detected by other
methods.

FPIA can also measure the particle shape information. Particle sizing systems,
such as sedimentation, Elzone, SPOS and LLS, are based on the assumption that the
measured particles have spherical shape, which is not true for LFC coating slurries. These
techniques do not characterize the particle shape information, which is of interest in the
study of coating permeability and other properties. These particle sizing techniques will
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not be able to tell that Wollastonite contains particles that are slim, thin, long, and rod
shaped as shown in Figure 3.13. FPIA can provide information on particle size and shape,
which makes it superior over other methods. In addition, the captured images of particles
can be used for other analysis such as surface texture and other shape factor analysis. The
measured Circularity values for coating B and H respectively are 0.751 and 0.779. As
shown in Figure 3.14, it can be easily seen that coating B has most particles in flaky
shape and coating H has most particles in bulky and angular shape, which is also
confirmed by SEM images of dried coating samples shown in Figure 3.15 and Figure
3.16.

I 20um

Figure 3.13 Wollastonite Particles with Circularity of 0.672 (image from FIPA)
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I
I
(b)

Figure 3.14 Typical Images of FPIA Results (a) Coating B (b) Coating H

Figure 3.15 Images of Coating B Under SEM
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Figure 3.16 Images of Coating H Under SEM

Although FPIA quantifies particle shape using the Circularity number, it is hard to
interpret the third dimension of the particles since FPIA measures a two-dimensional
project area. In addition, gear-shaped particles as illustrated in Figure 3 . 1 7 are considered
as circular particles in most case; however, these gear-shaped particles will be considered
extremely non-circular particles with low Circularity values using FPIA. Therefore,
some other particle shape parameters should be included to understand particle shape
effects on the coating behaviors, such as sphericity [ 1 4], aspect ratio, Chunkiness [24],
Geometric Signature Waveform [25] and Boundary Fractal Dimension [26] . All of these
shape parameters can be obtained by analyzing the images captured by FPIA. Thus,
imaging analysis based particle sizing technique, such as FPIA, could be a promising
means to characterize particle size as well as particle shape information of refractory
slurry materials used in Lost Foam Casting.
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Circularity < 0.5
Figure 3.17 Difficult Shape to Correctly Interpret for Shape Factor Used in FPIA

CONCLUSION

A number of commercial particle s1zmg instruments based on different
measurement approaches were evaluated in this study for characterizing the refractory
LFC coating slurries used in metal casting industry. It was found that different particle
sizing techniques generated distinct particle size data for the identical coating samples.
For bulky and angular shaped particles, different particle sizing techniques might obtain
relatively close results, while for flaky shaped particles different particle sizing technique
would likely yield large differences in size data based on the interpretation approach.
Therefore, particle shape should be considered in evaluating the particle size analysis.
The shape differences in the coatings B and H were also interpreted by the Circularity
values implemented in the image analysis based technique FPIA system, which appeared
to be a promising means to quickly characterize particle shape information. Some
suggested improvements were also indicated. This study also suggested that the image
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acquired by FPIA could be used to qualitatively judge whether agglomeration existed in
the measured sample.
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PART 4. PERMEABILITY MEASUREMENT AND NUMERICAL
MODELING FOR REFRACTORY POROUS MATERIALS
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This part is a slightly revised version of a paper with the same title submitted to
the Journal of Materials Science in 2004 by Xin Chen and Dayakar Penumadu:
Chen, X., and Penumadu, D. "Permeability measurement and numerical modeling
for refractory porous materials," submitted, Journal of Materials Science, 2004.
My primary contributions to this paper include ( 1 ) selection of the topic and
development of the problem into a work relevant to my doctoral research study, (2)
development of experimental setup, (3) most of the gathering and interpretation of
literature, (4) performing most of the laboratory experiments, (5) interpretation and
analysis of test results, (6) most of the writing.

ABSTRACT
The transport properties of the ceramic based refractory coating to allow proper
permeation of degradation products during the pyrolysis of expanded polystyrene (EPS)
foam in Lost Foam Casting (LFC) have an important influence on the success of the
casting process. This paper proposes a new apparatus to evaluate the permeability of the
refractory coatings in a relatively large differential pressure range that is expected during
the casting process. A number of commercial coatings currently used in major LFC
foundries are evaluated and the results show significant differences in their transport
properties. The proposed interpretation method of measured gas flow data considered the
"slippage" and inertia effects that occur in measuring gas permeability. It is found that
special care should be taken to measure the coating permeability in a large velocity range.
Comparisons of test results from this new device are made to the widely used General
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Motors (GM) Perm-meter. The proposed measurement technique is more reliable to
evaluate the permeability of the refractory LFC coatings in a large velocity range and
considers inertia effects. A procedure using three-dimensional computational fluid
dynamics code (FLOW3D) is developed to simulate experimental gas flow data for
solving complex boundary value problems that use these coatings.
Key Words: Lost Foam Casting, porous material, permeability, gas flow

INTRODUCTION

Lost Foam Casting (LFC) is a relatively new technique used to produce metal
casting products in near net-shape. This process involves pouring molten metal into an
expanded polystyrene foam pattern that is coated using refractory slurry and surrounded
by un-bonded foundry sand. The temperature of the molten metal is significantly higher
than the degradation temperature of the expanded polystyrene foam pattern and results in
pyrolysis generating gas and liquid by-products [ 1 , 2]. These degradation products should
escape the pore network of thin refractory coating into surrounding sand pores and yield a
cavity that is an exact replica of the casting shape. The metal then replaces the shape of
the polystyrene foam pattern to yield the complex shaped casting in near net-shape.
Refractory coating is very critical for successful outcome and one of its important
properties is associated with transport properties of gas (predominantly styrene). Un
bonded granular sand or mullite is compacted around the foam pattern, providing support
for the coated foam pattern by keeping the pattern in place during the metal pouring and
filling process.
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Research [3-9] has found that most defects observed in the metal casting obtained
from the LFC process are related to the mechanism of how the gas and liquid pyrolysis
products of EPS foam escape during the metal filling process. This mechanism requires
that the refractory coating have certain permeable characteristics to allow the escape of
thermally degraded polystyrene products. High permeability coating will reduce the time
required for eliminating EPS degradation products, and will increase the metal fill
velocity, often leading to blister and fold defects. Low permeability coating will slow
down the metal velocity, which causes the molten metal to lose the adequate thermal
energy for complete pyrolysis, traps the liquid and solid polystyrene and leads to misrun
or partial fill. Sand et al. [1 O] demonstrated the influence of coating transport property on
mold filling in the LFC process by changing coating thickness. They showed that mold
filling times decreased with the permeability of the coatings. From a practical point of
view, the gas permeability of the refractory coatings has been one of the most critical
factors in the Lost Foam Casting (LFC) process for casting quality control.

With an increasing interest in evaluating the role of coating transport properties,
attempts were made in the foundry industry to determine the permeability of a given

refractory based coating. Goria [3] evaluated permeability by measuring "flow time" to
reach equilibrium state between the applied pressure and the atmospheric pressure. Tseng
and Askeland [11] used a modified steel cylinder and a standard permeability meter that
is often used to characterize sand cores in the foundry industry to evaluate the
permeability of the coating by measuring flow through a coated filter paper for a fixed
differential pressure. Ravindran et al. [12], assessed the permeability of the coating by
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measuring the flow rate of air through the coated wafers at a constant vacuum. The
General Motors (GM) foundry measured the coating permeability by using the existing
Perm-meter used for greensand, by evaluating the flow rate of air through a coated
stainless steel mesh (#1 00 sieve screen) at constant pressure [ 1 3]. Littleton et al. [6]
calculated the permeability coefficient by measuring manually gas flow rates at various
pressures.

These methods provided solutions to qualitatively, and to a limited extent
quantitatively, describe the gas transport properties of the LFC coatings. Some of the
limitations of past research include the difficulty of interpretation, (such as of "flow
time") and poor repeatability of the experimental measurements in appropriate pressure
ranges. GM perm-meter does not account for the coating thickness in its empirical
measurement number called Perm value (typically in the range of O to 20), and cannot
account for different coating thickness values. In addition, it may not be suitable to
predict the coating permeability at various pressures using the results from a single point
measurement system, as will be demonstrated later in this paper. Moreover, none of the
past methods mentioned above have considered that gas is a compressible medium and
the possibility of "gas slippage" flow and inertia flow. Considering the fact that one of
the important quality control tools for LFC coating is based primarily on permeability
measurements, it is important to develop and validate the use of a measurement technique
that is robust from instrumentation and interpretation points of view.
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This paper proposes a new approach for investigating coating permeability by
considering the compressible property of gas and the effect of inertia in a relatively large
pressure range using a fully automated system. In addition, a computational fluid
dynamics model in Flow 3D is proposed to simulate gas flowing through LFC coatings,
which demonstrates that the parameters obtained from proposed approach can be
numerically incorporated into commercial CFD software. This would facilitate the future
constitutive modeling of refractory coating for simulating Lost Foam Casting as a
boundary value problem.

ANALYSIS BACKGROUND

A standard approach to characterize the permeability of porous materials is to use
Darcy's law as shown in Equation (4.1), which relates volumetric flow and pressure
gradient with properties of the fluid and porous materials. The Darcian permeability
coefficient k indicates the capability of the porous medium to transmit fluids. It will be
possible to predict flow behavior of any liquid through the porous medium once the
Darcian permeability coefficient k can be measured or calculated.

Q = - kA dP
µ L

(4.1 )

Q -- volumetric flow
A -- cross-sectional area
µ -- viscosity of the fluid
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dP
.
-- pressure grad1ent
L
L -- coating thickness
k -- Darcian permeability coefficient

If considering gas as a compressible fluid, the Equation (4. 1 ) can be rewritten as
Q=
or

kA P/ - P02
µ 2PL

(4 .2)

R,.2 - P,02 µ
--"-= ·V
2PL
k s

(4.3)

Pi -- pressure at the sample entrance
Po -- pressure at the sample exit
P -- fluid pressure at which Q and µ are measured or calculated
P,2 - P,02
;
2PL

--

pressure gradient

vs -- velocity (Q divided by area)

Theoretically, the permeability coefficient only depends on the porous medium's
properties. However, careful analysis of past literature reports that permeability
measurements using compressible gases may give different permeability coefficients at
various pressures due to inertia effects as described below. Darcian permeability k may
be extremely high at low pressures. This phenomenon is caused by "slippage" in the gas
flow, which was first investigated by Klinkenberg in 1 94 1 [ 1 4] . At low pressures, the
molecules in the gas have few collisions between each other and the passages in the
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porous media. The molecules "slip" in the passages, so that gas can easily pass through
the channels in the porous medium. This process is also related to the size of the gas
molecule. Small molecules in the gas will exhibit significantly more slippage than larger
gas molecules at similar pressures. This effect will become more pronounced when the
diameter of the passages is close to the mean free path of the gas molecules. At high
pressures, the turbulent and inertia flow become more dominant so that Darcy's law is no
longer valid. Forchheimer's equation [ 1 5] is introduced here, which includes parabolic
parts in the equation by considering the influence of inertia and turbulence.
Forchheimer's equation is normally written as
P,.2 - P,02
--- = 1!:... v + _E_ v 2
2PL
kI s k2 s '

(4.4)

where p is the fluid density; constant k1 and k2 are the Darcian (viscous) permeability and
non-Darcian (inertia) permeability, respectively;

Vs

is the fluid velocity, calculated by

dividing the exiting volumetric flow rate Q by the cross-sectional area A. Equation (4.4)
is not a pure empirical equation. It can be theoretically derived by appropriately
averaging the Navier-Stockes equations [ 1 6]. The first term in equation (4.4) represents
viscous energy losses, while the second term represents the inertia effects.

A dimensionless number, the Reynolds number (Re), representing the ratio of
inertia to viscous forces, is widely used as a criterion to distinguish between laminar flow
and turbulent flow. The Reynolds number is written as
v · p · t5
Re = ---
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(4.5)

where v is the velocity, P the density, µ the viscosity of the fluid, and 8 a diameter
associated with the porous medium (average pore diameter) [ 1 7]. Darcy's law is valid
only at a low Reynolds number. The upper limit is at a value of Re between 1 and 1 0
[ 1 6]. At a high Reynolds number, the deviation from Darcy's law will be observed.
Research [ 1 6] has shown that the deviation from Darcy's law (which occurs at Re = 1
,..., 1 0) cannot be attributed to turbulence, and the inertia forces are more appropriate to
explain the deviation.

EXPERIMENTS
1 . Sample Preparation
For this study, five different types of Lost Foam Casting refractory coating
slurries (A ,..., E) have been investigated. These slurries were produced for two major
automotive Powertrain LFC foundries by three commercial suppliers. In order to
investigate the dilution effects, a synthetic coating F was obtained by adding 5% of water
by volume to a commercial coating D. Similarly, the synthetic coating G was obtained by
adding 5% of water by volume to another commercial coating E. The information about
the coating samples A ,..., G used in this study is listed in Table 4. 1 . Malvern Mastersizer S
based on the Laser Light Scattering technique was utilized to measure the volume-based
diameters.

The coating samples were obtained by dipping a l O0xl O0 stainless steel mesh
disc of 65mm diameter into the coating slurries, whose rheological properties were well
controlled. The steel mesh has very high permeability, which will not affect the
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Table 4.1 Coating Samples Used in This Study

Coating
Bulk
ID
Density
(glee)
A
1.46
B
1.33
C
1.37
D
1.42
E
1.55
F
1.4
G
1.53

Mean Diameter (um)
(Based on volume distribution
using Laser Light Scattering)
62.6
27.1
33.4
50.6
33.3
50.6
33.4

Percentage
Of solids
52.7%
42.71%
46.5%
50.53%
62.73%
48.81%
60.77%

measuring results for the coating permeability. The steel mesh disc with very large pore
size acts as a supporting medium for the coating to bond and dry, without affecting the
permeability. The dipped coating discs were then dried at room temperature. After
drying, the thickness of each coating is measured by a micrometer with good resolution.
In order to investigate the effects of drying on the coating permeability, two sets of
coating D and E were prepared and dried using air (25°C) or oven drying (60 °C). For
oven-dried samples, after removal of the disc from the coating slurry container, these
samples were initially dried at room temperature for 10 - 15 minutes before being placed
in a drying oven as suggested in [13].

These coating samples were supplied by LFC foundries to the authors with the
permeability measured using a GM Perm-meter for comparison. The permeability of
these samples was also assessed in this study to investigate the relationship between the
GM perm-meter reading and the permeability coefficient obtained from Darcy's law and
Forchheimer's equation as obtained in this research.
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2. Portable UTK Perm-Meter Development
Testing of all the samples was conducted in a Capillary Flow Porometer
manufactured by Porous Material, Inc. and a portable Perm-meter (UTK Perm-meter)
(Figure 4.1) developed by the authors of this paper. The Capillary Flow Porometer and
UTK perm-meter have a similar concept and both of them can also measure the
microstructure information of the porous medium [18] in addition to global permeability.

The UTK perm-meter is a fully computer-controlled device, which is comprised
of two pressure controllers, one pressure gage, two flowmeters, three solenoid valves, one
relay controller, sample chamber and data acquisition system as illustrated in Figure 4.2.
The software utilized in this perm-meter was developed in the graphic programming
language LabVIEW Express 7. After being assigned a starting pressure, ending pressure
and target data points in between the range, the software will automatically control the
pressure controller to increase pressure and measure the flow rate. The pressure and flow
rate information will be recorded and plotted on the screen once steady flow is achieved.
The UTK perm-meter can precisely control pressure from 0.07 kPa to 700 kPa and
measure the flow from 0.01 liter/min to 100 liter/min. The coating sample is placed in the
sample chamber (Figure 4.1), in which o-rings constrain the gas to flow up and out of the
chamber. Thus the flow cross-sectional area is always known and avoids gas flow due to
in-plane transmission.
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Figure 4.1 UTK Perm-meter System
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Figure 4.2 Schematics of UTK Perm-meter System
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3 . Experimental Procedure and Data Analysis
The permeability of refractory LFC coatings was measured at room temperature
using the apparatus previously described. The applied differential pressure (Pi-Po) was in
the range of O - 70 0 kPa. All the data were acquired electronically at one-second intervals
throughout the experiment. The Pi, Po and Q value were recorded at a steady flow.
Permeability coefficients were obtained by fitting experimental data through the least
squares method to Equations (4 3. ) and (4 .4 ) .

4 . Numerical Modeling of Gas Flow through LFC Coating
Through the ef forts of many researchers in Lost Foam Casting, the formation
mechanism of commonly observed defects has been established to rate the metal casting
quality and classify the reject castings. However, there are still many unknown issues in
the LFC process that affect casting quality. For example, the mechanism of mass and heat
transfer between the molten metal, degraded liquid/gas monomer/ dimmers/ trimmers,
coating and unbonded sand is not well understood. Ongoing research and new
experiments aimed at exploring the physical mechanisms behind the LFC process are
ongoing [1 9 -21 ]. Such experiments are very time consuming and multivariate. In
addition, because of complicated casting conditions such as gating, pouring temperatures,
coating refractory and transport properties, and compaction and thermal properties of
unbonded sand, it is very difficult to control the casting conditions as accurately as
designed. In order to get a reasonably good casting quality of newly designed products,
extensive trial-and-error procedures are needed before production. The trial-and-error
method used to determine casting conditions can be very costly and may not always yield
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successful results [22]. This demonstrates the need for computer simulation to reduce the
time and expense to determine the casting conditions and to explore the physical
mechanism behind the LFC process.

Wang and Paul [22] developed a finite difference method (FDM) program to
simulate fluid flow and heat transfer during mold filling for the EPC process in 3D
geometry. The decomposition rate of the foam pattern was expressed as a function of
temperature and pressure at the metal-pattern interface. Solidification and other useful
information were obtained through the simulation. Hirt and Barkhudarov [23] simulated
the LFC process to track defects using a commercial Computation Fluid Dynamic (CFD)
software Flow 3D. The LFC model in Flow 3D considered the foam as a special kind of
obstacle that can prevent the flow of metal unless it is heated sufficiently to lose its
strength, which suggested that the displacement of foam by metal was controlled by the
heat transfer mechanism instead of pressure or inertia of metal. This simulation
considered the effects of coating permeability by changing the heat transfer coefficient at
the interface of metal and foam. However, there is a need for realistic constitutive
modeling of foam and coating and a multi-phase computational fluid dynamic code to

realistically model the observed casting degradation experiments from real time x-ray and
neutron radiography.

In this study, a baffle flow losses model in Flow 3D was used to simulate the gas
flow through LFC coating. At a constant flow rate, the pressure gradient across the
coating can be modeled as:
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flp = p · (KBAFl · u + 0.5 - KBAF2 - u I u I) ,

(4 .6)

where u is the gas velocity; flp is the pressure gradient; KBAF1 is an input constant
analogous to Darcy's permeability coefficient k1 and KBAF2 is another input constant
analogous to non-Darcy's permeability coefficient k2 in Equation (4 .4 ) . Some details
about the input parameters in the modeling are listed in Table 4 .2. The geometric
parameters are illustrated in Figure 4 .3 . The radius of the baffle is modeled as 0 .0 215 m,
which is same as the radius of the opening in the permeability measurement system.
Because of symmetric geometry, only one quarter of the structure was used in the
simulation. The entry pressure (Xmin in Figure 4 .3 ) was modeled as a variable that
assumes pressures in the range of those used for the experiment and typically were (10 0
to 70 0 kPa absolute) corresponding to Pi, and outlet pressure was maintained to be at an
atmospheric pressure of1 0 0 kPa corresponding to Po at Xmax in Figure 4 .3 . Flow rate Q
was calculated by integrating the outlet velocity at Xmax.

Table 4.2 Parameters Used in the Numerical Simulation
Parameter

Value

Parameter

Value

K1

3 .89 E-14 m2

K2

3 .0 8E-10 m

KBAF l

2.56 E+05 mis

KBAF2

4 .5 E+0 6

Viscosity

1. 72E-5 Pa. s

Density

1.23 kg/m3

Coating
Thickness

6.91 E-4 m
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0.03 meter
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Cl
X
N
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Figure 4.3 Geometric Information in Flow3 D Simulation

RESULTS AND DISCUSSION
Figure 4 .4 shows typical pressure gradient vs. velocity curves at various
differential pressures (0 ,_, 1 72 kPa) for the refractory coatings D and E. Darcy's law
displayed a clear deviation from the experimental data for both coating D and E. It can be
also seen in Figure 4 .4 that Darcy's law underestimates the flow velocity at low-pressure
range, while it overestimates the flow velocity at high-pressure range. From Figure 4 .5 , it
can be seen that Darcian permeability coefficient k1 calculated at individual points of the
experimental data by Equation (4 3. ) will decrease with increasing pressure [24 ]. It
demonstrates the potential of a large discrepancy to predict flow rate at various pressures
by using one-point measurement. The pressure gradients vs. velocity curves are parabolic
rather than a straight line, which indicates that the inertia has considerable influence in
the measurements. By fitting the experimental data to Equation (4 .4 ) , a significant
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Figure 4.5 Illustration of Darcian Permeability Change with Velocity
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0.4

improvement was achieved for both coating D and E when the inertia effects were taken
into account, as shown in Figure 4 .4 . The values of Darcian permeability coefficients k1
obtained according to different interpretation methods showing large bias in k1 with a
large difference of 1.5 times higher for the case when inertia effects were ignored.

Permeability measurement results for coating A - G were shown in Figure 4 .6
and Table 4 .3 . Table 4 .3 shows that Forchheimer's equation provided better fitting (high
R2) by considering the inertia effects. The k1 values obtained from Forchheimer's

equation were higher than those from the Darcy's law for most of the samples evaluated
here. However, the deviation found in Figure 4 .6 and Table 4 .3 were not as significant as
observed in Figure 4 .4 , which indicates that Darcy's law may still be valid for these
coatings in the tested pressure range. However, it also demonstrates the influence of
inertia becomes more pronounced and cannot be considered negligible at high velocity. If
comparing the Forchheimer's fitting and Darcy's fitting as shown in Figure 4 .7 , it is clear
that Forchheimer's equation still displayed a better fit to experimental data than Darcy's
law for the whole velocity range (analogous to pressure range). Figure 4 .8 shows the
discrepancy of Darcian permeability k1 obtained from Darcy's law and Forchheimer's

equation. Darcian permeability k1 s obtained from Darcy's law were lower than those
calculated by Forchheimer's equation. This effect was also observed in the samples
supplied from LFC foundries as shown in Figure 4 .9. This discrepancy became more
significant if the Darcian permeability k1 was greater than 0 .015 Darcy (1 Darcy = 9 .87 e-

13 m2).
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Table 4.3 Permeability Results of Coating A ,.., G (0 ,.., 68.95 kPa)
Thickness

Coating

(cm)

Forchheimer' s Equation

Darcy's Equation

R2

K (Darcy)

R2

(Darcy)

K2
(m)

K1

Flow Factor

A

0. 1 02

0.0 1 8 1

9.1 3e-9

0.9990

0.01 80

0.9989

0. 1 775

B

0.09 1

0.0092

-3.00e-1 0

0.9995

0.0 1 02

0.9977

0. 101 1

C

0.071

0.0109

3.03e- 1 0

0.9985

0.0097

0.9959

0. 1 535

D

0.080

0.0167

6.80e-1 0

0.9989

0.0148

0.9966

0.2088

E

0.05 1

0.0134

2. 12e-9

0.9979

0.0128

0.9976

0.2627

F

0.050

0.0227

2.24e-9

0.9994

0.0203

0.9982

0.4540

0.036

0.0137

1 .52e-9

0.9990

0.0125

0.9982

0.3806

G

Note: 1 Darcy = 9 .87 e-13 m

3 .00E+OB -.----------------------------------.

o
¢
.6.
x
o
+
x

2 .50E+08

E

2 .00E+0B

Coating A
Coating B
Coating C
Coating D
Coating E
Coating F
Coating G

)K

)K

0

9:

)K

::t::

0

� 1 .50E+08

o :.::

<
0

X

� 1 .00E+0B

D

+

+

+

+

+

+

+

+

5 .00E+07

0 .00E+00

--==---------r------..--------��----�----------1
0

0 .05

0.1

0.15

0 .2

Vs (mis)

Figure 4.6 Permeability Results of Coating A ,.., G (0 ,.., 68.95 kPa)
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(Samples supplied by LFC foundries)

If the velocity is controlled to make Re <I , the linear relationship between the
pressure gradient and velocity (Darcy's law) may be valid. However, it requires an
understanding of a porous medium's microstructure (average pore diameter) to calculate
Re according to Equation (4.5), which is usually unknown and varies from sample to
sample. In addition, the calculated permeability coefficients at low velocity (low
pressure) cannot be used to predict the flow velocity at other pressures. Figure 4. 1 0
shows that the Darcian permeability k1 changes with the velocity if one-point
measurement is used. The diagram also shows that k1 is extremely high at low velocities
(low pressures), which may be caused by the "Klinkenberg effect" in the gas flow. This
effect was also observed in other coatings. At low pressures, the gas molecules "slip" in
the passages, so the flow velocity will be higher. This effect will become more
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Figure 4.10 Darcian Permeability vs. Velocity (Coating D O -- 68.95 kPa)

pronounced when the diameter of the passages is close to the mean free path of the gas
molecule [ 16], which indicates that characterizing the microstructure of these refractory
LFC coatings is also important for understanding the transport properties of these
refractory LFC coatings. Research [ 18] has shown that the Liquid Expulsion Method is
very promising to quantify the microstructure of these refractory LFC coatings.

In the GM Perm-meter testing, the coating thickness is not considered in the
measurement. However, in order to the get the permeability coefficient, the coating
thickness must be included in the analysis as seen in Equations (4.3) and (4.4). Therefore,
the GM Perm-meter readings were normalized (GM Perm-meter reading times coating
thickness) to compare with Darcian permeability coefficients k1. Figure 4. 1 1 shows the
linear relationship between the normalized GM Perm-meter reading and k1 obtained from
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Figure 4.1 1 GM Perm-meter Results vs. Darcy's Law (samples supplied by LFC
foundries)
Darcy's law, which indicates that the GM Perm-meter' design is theoretically based on
Darcy's law. Figure 4 . 1 1 also shows the large variation of measured results, which may
be caused by the one-point measurement in the GM Perm-meter measurement. A similar
positive trend was found in Figure 4 .1 2; however, the variation became more significant
at large k1 , which indicates that inertia effects should not be ignored for high permeable
coatings.

Coating F and G were obtained by diluting coating D and E with 5% volume
water. From Table 4 3. , it can be seen that coating F has a higher Darcian permeability
coefficient k1 than coating D, which indicates the dilution has significant effects on the
Coating D. The dilution effects on coating E were not as significant as on coating D.
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Figure 4.12 GM Penn-meter Results vs. Forchheimer's Equation (samples supplied by

LFC foundries)

However, dilution reduced coating thickness for both coating D and E. Water dilution is
often used in industrial lost foam foundries to work in a target viscosity range, and results
indicated above demonstrate that transport properties can be drastically affected
depending on coating type, and this permeability issue needs to be considered for
developing control charts.

From equations (3) and (4), it can be seen that coating thickness is another key
factor controlling the coating's transport properties such as permeability coefficient. The
term "flow factor" (Darcian permeability coefficient divided by coating thickness) is
defined here to normalize the effect of thickness on permeability coefficient(s). This
"flow factor" can be used to compare different types of coatings' permeability at the
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same differential pressure. A Large "flow factor" indicates high permeability of coatings.
The "flow factor" listed in Table 4.3 shows that dilution increased both coating D and E's
permeability significantly although it did not affect the permeability coefficients that
much, which indicates that thickness is very important to describe the coatings' transport
properties. It shows that it is not reasonable to compare the coatings' transport properties
by comparing only the permeability coefficients without considering the coatings'
thickness. Two coatings having the same permeability coefficients may perform
extremely different transport behaviors because of the differences in the coating
thickness. The "flow factor", as introduced in this paper, will be able to distinguish these
differences by taking the coating thickness into consideration. Permeability measurement
results for oven and room temperature dried samples were shown in Table 4.4. It can be
seen that the oven dry process and the room temperature dry process did not have a
measurable influence on coating D and E in this study. The differences of coatings D and
E between Table 4.3 and Table 4.4 can be accounted for in that they were different
batches shipped from suppliers.

Table 4.4 Comparison of Oven and Room Temperature Dry Results

Coating

Thickness
(cm)

Forchheimer's Equation

Darcy's Equation

Flow Factor

R2

(Darcy)

K
2
(m)
3.7e-9

0.9989

0.0 1 5 1

0.9987

0.2943

K1

K

R2

(Darcy)

Oven D

0.053

0.0 1 56

Room D

0.050

0.0 1 6 1

9.07e-1 0 0.9986

0.0 1 42

0.9964

0.3220

Oven E

0.05 1

0.0221

2.0 le-9

0.9980

0.0 1 99

0.995 1

0.4333

Room E

0.054

0.0226

1 .86e-9

0.9989

0.0 1 99

0.9972

0.4 1 85
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Numerical model is also developed in commercial CFD software package Flow
3D to simulate the gas flow through LFC coatings using the experimental data. Figure
4. 1 3 shows the typical simulated X direction velocity distribution in the XZ plane, which
demonstrates that the X direction velocity is not uniformly distributed. Figure 4. 1 4 shows
the outlet X direction velocity is a function of the Z coordinate and increases with the
increase of applied differential pressures. By integrating the X direction velocity in the Z
direction, the overall flow rate through the outlet can be calculated. Figure 4. 1 5 shows the
good agreement between experimental data and Flow 3D numerical simulation results.
Thus, the proposed modeling approach using two experimental calibration parameters
obtained from the portable UTK perm-meter system can realistically model the transport
properties of gas for a large range of differential pressures. This approach will be a
valuable asset for realistic modeling of the refractory coating portion of the boundary
value problem involved with LFC using Flow 3D type software.

mis

Pi

Po

Figure 4.13 X-Velocity Contour in XZ Plane (Flow3D Simulation)
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CONCLUSION
1 . A new apparatus for evaluating the permeability of refractory LFC coatings at
various pressures was presented that considers the inertia and slippage flow in the
analysis of experimental data.
2. This study has shown that Forchheimer's equation is a more realistic model to
calculate the permeability coefficients and to predict the LFC refractory coating's
transport properties at various pressures.
3. As pressure (velocity) increases, the influences of inertia become more significant
and Darcy's law will generate a large discrepancy. Forchheimer's equation should
be considered for interpreting the parabolic behavior of the pressure gradient vs.
velocity curves. At low pressures, the "Klinkenberg effect" may occur. Therefore,
special attention should be given for choosing the appropriate pressure range in
the permeability measurement.
4. Dilution has different effects on the Darcian permeability coefficient k 1 • Coating
thickness is another key factor to describe the coating transport properties. "Flow
factor" is proposed in this research that considers both permeability coefficient(s)
and coating thickness.

5. No significant differences were observed in this study for an oven dry process and
a room temperature dry process for lost foam casting refractory slurries.
6. The permeability coefficients k1 and k2 obtained from Forchheimer's equation can
be effectively modeled in computational fluid dynamics software such as Flow
3D.

1 07

REFERENCES
1.

Shivkumar, S., X. Yao, and M. Makhlouf, Polymer-Melt Interactions during
Casting Formation in the lostfoam Process. Scripta Metallurgica et Materialia,
1995 . 33(1 ): p. 3 9 -4 6 .

2.

Sands, M. and S. Shivkumar, EPS Molecular Weight and Foam Density Effects in
The Lost Foam Process. Journal of Materials Science, 20 03 . 38: p. 2233 -223 9 .

3.

Goria, C.A., et al., Coating permeability, a critical parameter of the evaporative
pattern process. Transactions of the American Foundrymen's Society, 19 86 . 94:
p. 5 89 -60 0 .

4.

Tschopp, M.A., Fluidity ofAluminum A356 in the Lost Foam Casting Process.
Transactions of the American Foundrymen's Society, 20 0 2. 1 10: p. 13 87 - 13 9 8.

5.

Tschopp, M.A., Q.G. Wang, and M.J. DeWyse, Mechanisms ofMisrun Formation
in Aluminum Lost Foam Casting. Transactions of the American Foundrymen's
Society, 20 0 2. 1 10: p. 13 7 1 - 13 86 .

6.

Littleton, H., et al., Process Controlfor Precision Lost Foam Castins - Part II.
Foundry Management & Technology, 1997 . 125(2) : p. 4 1 -4 5 .

7.

Bates, C.E., J.A. Griffin, and H.E. Littleton, Expendable Pattern Casting, casting
defects manuals. 1994 , American Foundrymen's Society: Des Plainers, IL.

8.

Bennett, S., et al., Pyrolysis Defects in Aluminum Lost Foam Castings.
Transactions of the American Foundrymen's Society, 20 0 0 . 108: p. 795 - 804 .

9.

Wang, C., C.W. Ramsay, and D.R. Askeland, Processing variable significance of
filling thin plate in the LFC process. Transactions of the American Foundrymen's
Society, 1 997 . 105: p. 4 27 -43 4 .
10 8

10.

Sands, M. and S. Shivkumar, Influence of Coating Thickness and Sand Fineness
on Mold Filling in the Lost Foam Casting Process. Journal of Materials Science,
2003. 38: p. 667-673.

11.

Tseng, C.H. and D.R. Askeland, A Study ofSelected Process Parameters for The
Evaporative Pattern Process. Transactions of the American Foundrymen's
Society, 1991. 99 : p. 455-464.

12.

Ravindran, C., B. Jue, and J. Karpynczyk, Permeability ofRefractory Coating in
EPC Process. Transactions of the American Foundrymen's Society, 1993. 101: p.
955 -959.

13.

Lessiter, M.J. , Innovations in controlling Lost Foam process. Modem Casting,
1996. 86: p. 45-48 .

14.

Klinkenberg, L.J., The permeability ofporous media to liquid and gases, in
Drilling and Production Practice. 1941, American Petroleum Institute: New
York. p. 200-213.

15.

Forchheimer, P., Wasserbewegung durch Boden. Z. Ver. Deutsch, Ing., 1901. 45:
p. 1782-1788 .

1 6.

Bear, J., Dynamics offluids in porous media. 1 972, New York: American Elsevier
publishing company, inc.

17.

Scheidegger, A.E. , The physics offlow through porous media. 1957, New York:
The Macmillan Company.

18.

Chen, X. and D. Penumadu, Characterizing Microstructure ofRefractory Porous
Medium. Journal of Materials Science, 2004. Under review.

109

1 9.

Penumadu, D., X. Chen, and C. Johnson, Characterization ofRheological
Properties ofLost Foam Casting Refractory Slurries. Transactions of American

Foundrymen's Society, 2004. Paper No. 04-066.
20.

Benson, R.M., et al., Thermal and Morphological Characterization ofEPS Foam
and Its Relationship with Processing Parameters. Transactions of American

Foundrymen's Society, 2004. Paper No. 04-045.
21.

Penumadu, D., R. Benson, and R. Michaels, Qualitative and Quantitative
Description ofEPS Foam for Lost Foam Casting. Transactions of American

Foundrymen's Society, 2003. Paper No. 03- 1 13.
22.

Wang, C.M., et al., Computational analysis offluidflow and heat transfer during
the EPC process. Transactions of American Foundrymen's Society, 1 993. 1 0 1 : p.

897-904.
23.

Hirt, C.W. and M.R. Barkhudarov, Lost Foam Casting simulation with defect
prediction, in Modeling of Casting, Welding and Advanced Solidification Process
VIII Conference. 1 998: San Diego, California, U.S.A. p. 5 1 -58.

24.

Innocentini, M.D.M. and V.C. Pandolfelli, Permeability ofporous ceramics
considering the Klinkenberg and inertia effects. Journal of American Ceramics

Society, 200 1 . 84(5 ) : p. 941 -944.

1 10

PART 5. CHARACTERIZATION MICROSTRUCTURE OF
REFRACTORY POROUS MATERIALS
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This part is a slightly revised version of a paper with the same title submitted to
the Journal of Materials Science in 2004 by Xin Chen and Dayakar Penumadu:
Chen, X., and Penumadu, D. "Characterization microstructure of refractory
porous materails," submitted, Journal of Materials Science, 2004.
My primary contributions to this paper include ( 1 ) selection of the topic and
development of the problem into a work relevant to my doctoral research study, (2)
development of experimental setup, (3) most of the gathering and interpretation of
literature, (4) performing most of the laboratory experiments, ( 5) interpretation and
analysis of test results, (6) development of the numerical model, (7) most of the writing.

ABSTRACT

Liquid Expulsion technique was used in this study to quantify the transport
properties and microstructure of a refractory porous medium used in the Lost Foam
Casting process. The pore size information obtained from the Liquid Expulsion Method
is found to be well correlated with the transport properties of the porous coating material.
For manufacturing process control, the viscosity of these coating slurries prior to its
application on expanded polystyrene foam is often reduced by dilution with water and/or
using a dispersant. In this paper, the effects of diluting or dispersing the slurry on the
microstructure and transport properties of the dried refractory coatings are evaluated.
Results show that the dilution and dispersion have opposing influences on the pore size
and transport properties. Adding dispersant was found to reduce the transport properties
of the refractory coatings significantly, potentially leading to defects in metal castings.
1 12

The pore characterization technique developed in this paper is also used to determine the
effects of drying ( oven versus air dry) on the pore size and transport properties.
Key Words: Lost Foam Casting, pore size, permeability, gas flow

INTRODUCTION

Microstructure is one of the important factors governing the transport behavior of
a porous medium, such as its Darcy coefficient, and the related properties such as thermal
conductivity and density. Therefore, it is necessary to understand the microstructure,
including its pore size and distribution. A number of experimental techniques and
commercial instruments are available for determining pore size distribution, such as:
Scanning Electron Microscopy (SEM), Mercury Intrusion Porosimetry (MIP), the Bubble
pressure and gas transport method, Gas Absorption, and the Liquid Displacement Method
(LDM) [1-3]. In a porous medium that originates from drying of slurries, voids exist as
the spaces between the particles. Some of them are connected to each other, forming the
channels for the air/liquid to pass through, which are considered effective pores. Some
voids are isolated and not open to the atmosphere and are considered ineffective pores.
For a porous medium, the transport properties are particularly related to the effective
pores in the porous structure. Therefore, the effective pore size and pore size distribution
are important for understanding the physical behavior of a porous medium.

In this paper, a technique known as water-expulsion porosimetry, also called the
Liquid Expulsion method, proposed by Gelinas and Angers [4], was used to characterize
the microstructure information of ceramic coatings. The results from this study are
113

compared with those obtained using the mercury intrusion method. The major purpose of
this paper was to investigate the applicability of such a technique for refractory porous
materials used in foundry industries. The relationship between the experimentally
determined pore size information and the corresponding transport properties of these
refractory porous materials was also investigated. In addition, this paper also studied the
influences of dilution/dispersion and different drying procedures (oven and air) on the
microstructure and transport properties of lost foam casting coatings.

BACKGROUND
In this work, the applicability of the Liquid Expulsion Method was investigated to
evaluate the microstructure of refractory coatings used in a relatively new metal casting
technique called Lost Foam Casting (LFC). LFC, also known as Expandable Polystyrene
Casting (EPC), is a popular casting method being used as a replacement for the
conventional casting techniques to obtain near net-shape metal castings. The castings are
produced by pouring molten metal into a foam pattern that is coated with refractory
material, which is then surrounded and compacted by unbonded sand through vibration.
The foam pattern degrades into gas and vents into the loose sand after the molten metal is
introduced, and the metal then fills the foam pattern to get the final product. In order to
ensure the adequate thermal properties of filling molten metal and the venting of
pyrolysis products, the EPS foam pattern is coated with refractory slurry . The refractory
coating has to be strong enough to resist the pressure to avoid metal penetration defects.
At the same time it should have adequate transport properties to allow the escape of the
degraded materials (styrene gas predominantly) to avoid defects in the metal casting,
1 14

such as misruns, folds, and porosity [5- 1 4]. These refractory coatings are initially applied
to fused foam patterns in a slurry stage and are allowed to dry. The microstructure of
these porous materials is complex and affects the mechanical strength and transport
properties of the refractory coating. Therefore, the characterization of pore size and pore
size distribution is important for developing new and novel coatings and also for
manufacturing process control in LFC foundries.

EXPERIMENTS

Mercury Intrusion Porosimetry has been widely used in the past as a technique to
characterize the microstructure of porous media [ 1 5- 1 8]. Thus, this paper includes
comparison results from the Mercury intrusion method and the Liquid Expulsion Method
developed in this study,.

1 . Mercury Intrusion Method
Non-wetting material such as mercury is used in the Mercury Intrusion Method.
When the liquid, in the form of a drop, remains stationary and appears spherical, it is
non-wetting [ 1 9].

Figure 5 . 1 illustrates wetting and non-wetting liquids on a solid

surface. As a non-wetting material, mercury will not spontaneously wet most surfaces or
enter the pores in a solid because of its high surface tension. In order to fill the pores with
mercury, external pressure is needed to force mercury into the pores.

1 15

Solid

Solid

Figure 5.1 Wetting and nonwetting liquid on a solid surface

(a) wetting, 0 < 90° (b) nonwetting, 0 > 90°

If a cylindrical pore model is assumed, the relationship between pressure and pore
size is given by the Washburn equation [20] :
- 2 · r · cos( 0) ,
r = ----p

r

- Pore radius

y

- Surface tension of the mercury

0

- Contact angle between mercury and the pore wall

p

- Absolute pressure causing the intrusion

(5. 1 )

The Differentiation of Equation (5 . 1 ), and assuming constant values of y and 0,

gives Equation (5.2):
p · dr + r · dp = 0 ,

(5.2)

If dV is the volume element of all pores with radii between r and r + dr, then the
differential pore size distribution D(r) can be described as
(5.3)
Combining Equations (5 .2) and (5 .3) gives
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r
dV = D(r) · - · dp ,
p

(5 .4 )

- p dV
D(r) = - · - ,
r dp

(5 .5 )

Since the change in volume is measured as a decreasing volume, the negative sign
can be eliminated to give:
p dV
D(r) = - · - ,
r dp

(5.6)

Because the sizes of the pores that can be filled with mercury are inversely
proportional to the applied pressure, mercury intrudes the bigger pore first and,
successively, the smaller ones with increasing pressures. Thus, the pore size distribution
can be determined by monitoring the volume of intruded mercury as a function of
increasing applied pressure [ 1 9] . In this study, the pore size analysis was evaluated by a
Poromaster 60 (Quantachrome Corporation), which can generate a maximum intrusion
pressure of 4 1 3 .7 Mpa for pore size analysis from approximately 950 microns to 0.0036
microns equivalent pore diameter.

2. Liquid Expulsion Method
The Liquid Expulsion Method uses a wetting liquid instead of a non-wetting
liquid to measure pore size. The wetting liquids will spontaneously flow into pores in the
solid, and work is required to remove the wetting liquid from the pores, as illustrated in
Figure 5.2.
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Liquid

Solid

r

Gas

Figure 5.2 Illustration of Liquid Expulsion Method

If a cylindrical pore is assumed and the most probable value for cos0 is 1 (the
fluid totally wets the pores), then the following relationships exist:
p · dV

= dS · r · cos(0) ,

(5.7)

y - surface tension of the wetting liquid

e - contact angle
dS - infinitesimal increase in the liquid/gas interfacial surface area

dV - infinitesimal increase in the volume of the gas in the opening
dS = 2 · 1t • r · dh ,

(5.8 )

= 1t • r 2

dh '

(5.9)

D = 2·r,

(5. 1 0)

dV

•

(5. 1 1 )
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So combining Equations (5. 8) - (5.11) gives the Cantor equation:

4-

D = -r- ,

(5.12)

According to Hernandez et al. [21], Bechhold et al. [22] were the first to use this
approach to evaluate pore size by measuring the pressure to blow air through water-filled
membranes. Lately, the Liquid Expulsion Method has been modified in several ways and
adopted by ASTM and British Standards Institution for determining pore size
characteristics of porous materials [23-25] .

In this work, the pore size analysis was investigated by a Capillary Flow
Porometer (Porous Material Inc.) [26] and a portable automated porometry system
developed at the University of Tennessee [27], which can generate pressure to 3.45 MPa
for pore size analysis from over 500 micron to 0.013 micron pore diameter. The sample
was soaked in a wetting liquid (Galwick) of low surface tension (y =0.0156 Nim), low
vapour pressure and low reactivity. The saturated sample was then subjected to
increasing pressure. As the pressure increases, it will reach a point where applied
pressure overcomes the surface tension of the liquid in the largest pores and will push the
liquid out. This minimum pressure required to push the liquid out from largest effective
pore and make the first detectable flow is called "bubble pressure," which is used to
calculate the "bubble pore size" - the maximum pore size. Continuing to increase the
pressure further allows the air to empty smaller pores according to a relationship between
pore size and applied pressure, as shown in Equation (5.12). By testing the sample both in
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the dry condition and the saturated (wet) condition, it is possible to obtain a plot of flow
rate versus applied pressure, as illustrated in Figure 5.3. When the applied pressure
empties all of the pores saturated with Galwick, the flow-pressure curve will return to the
flow-pressure curve of the dry sample. By comparing the gas flow rate of both a wet and
dry sample at the same pressure, the percentage of the flow passing through the sample
caused by the pores larger than or equal to the specified size can be calculated as:

.

%Filter Flow Percentage-

wet flow rate
· 1 00 ,
dry _ flow_ rate

(5. 1 3)

The flow caused by the pore size in a certain range between di and d2 can
also be calculated as:
%Filter Flow Percentage(d2-dl)= ( Q w2
Qd2

-

Q

wl ) - 1 00 ,

Qdl

(5. 1 4)

dl d2
� ---------��---------

d (Pore Diameter)

�
�

Dry curve
Q�

Qdl

Qw2
Qwl

I
I

I
I

____ __ ____ ____L

-

Pl P2

P (Applied Pressure)

Figure 5.3 Typical Flow Rate versus Applied Pressure for Wet and Dry Samples
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The mean flow pore size is determined by the intersection of a wet flow-pressure
curve and a half dry flow-pressure curve, where the flow rate through the wet sample is
one half of the flow rate through the dry sample at the same pressure. The corresponding
pressure is called the mean flow pressure.

3. Evaluation of Transport Properties
Transport properties of porous materials are generally characterized using their
permeability coefficients. In this work, Forchheimer's equation [28] is used to calculate
the permeability coefficient of the refractory LFC coatings. Forchheimer's equation has
proven to be more appropriate for estimating the transport properties of the refractory
LFC coating in a relatively wide range of applied pressures [27], since it includes
parabolic parts in the equation by considering the influence of inertia and turbulence.
Forchheimer's equation can be written as
P,,. 2 _ P,02
2
--- = .!:!.... v + 1:. v

2PL

k1

s

k2

(5. 1 5)

s '

where p is the fluid density; constant k1 and k2 are the Darcian (viscous) permeability and
non-Darcian (inertia) permeability coefficients, respectively;

Vs

is the fluid velocity,

calculated by dividing the exit volumetric flow rate Q by the cross-sectional area A. In
this research, permeability coefficients were obtained by fitting experimental data
through the least squares method to Equation (5. 1 5).
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The term "flow factor" as defined in Equation (5 . 1 6) was developed in this study
for transport property comparison purposes for coating materials of differing composition.
It not only considers the effect of the material's microstructure (for example, Darcian
permeability coefficient) but also considers another key factor controlling the coating' s
transport properties, its average thickness. This "flow factor" c an be used to compare
different types of coatings' transport properties at the same differential pressure. A large
"flow factor" indicates high transport capability.

Flow Factor=

5-L

(5 . 1 6)

4. Sample Preparation
In this work, fourteen different types of Lost Foam Casting refractory coating
have been investigated. These slurries were produced for two major automotive
Powertrain LFC foundries by three commercial suppliers. These coating slurries were
used for different parts, such as an engine block or a cylinder head. These water-based
coatings consist of silica, mica, binding clay, synthetic ceramic particles, and some latex

binders with solids percentages of 40% to 62%.

In order to investigate the dilution and dispersion effects, 5% of water by volume
was added to the synthetic coating H to obtain the diluted synthetic coating H. Similarly,
I % of dispersant (CALGON) by weight was added to the synthetic coating H to obtain
the dispersed synthetic coating H. In addition, some data collected from a manufacturing
facility dealing with casting 4 cylinder blocks and head are also included in this study.
1 22

The coating samples were obtained by dipping a 1 OOx100 stainless steel mesh
disc of 6 .51 cm diameter into the coating slurries, whose rheological properties were well
controlled and studied. The steel mesh has very high permeability, which will not affect
the measuring results for the coating permeability. The dipped coating discs were then
dried at room temperature. After drying, the thickness of each coating was measured by
using a 0 - 2.54 cm micrometer (with a resolution of 0 .0 0 254 mm) . In order to
investigate the oven-dry effects on the coating permeability, samples of coatings B and H
that were dried at room temperature (25 °C) and in an oven at 60 °C were individually
prepared for comparison purposes.

RESULTS AND DISCUSSION
1 . Comparison of the Mercury Intrusion Method and the Liquid Expulsion Method
Figure 5 .4 shows the percentage of the mercury intrusion volume versus the pore
diameter for coatings B and H. It shows that a majority of the intruded mercury (87%)
volume for coating H correspond pores with a diameter of 5 um or higher (up to 150 um) ;
while for coating B the pores with a diameter larger than 5 um correspond to only 45%
intrusion of volume. This indicates that the pore diameters of coating B are smaller than
the pore diameters of coating H. Figure 5 .5 shows the flow rate versus applied pressure
curves obtained by the Liquid Expulsion Method for these two coatings (B and H) . The
air flow rate versus differential pressure data clearly show that coating H is more
permeable than coating B. It can also be seen that the flow rate of the wet sample
increases with increasing pressure as pores saturated initially with Galwick are being
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80.000

emptied with higher gas pressure. In this study, considering the strength of coating
samples, the maximum pressure applied on the samples was set at 76 KPa. Although 76
kPa was not high enough to expel Galwick from the wet sample pores completely, it was
sufficient to obtain the bubble pore size and the mean pore size information, with the
measured pressure range being identical for both coatings. Based on Figure 5.5, the filter
flow percentage can be calculated as shown in Figure 5 .6 according to Equation (5 . 1 3),
which shows that the detectable effective pores were smaller than 15 um for both
coatings B and H. It also shows that the pores of coating B are finer than those of coating
H. Table 5 . 1 lists the comparison of pore size determined by the Mercury Intrusion
Method and the Liquid Expulsion Method. It can be seen that the flow factor is a
valuable indicator to evaluate the transport properties of the refractory coatings. There
are differences in micro structure information (pore size) determined by the Mercury
Intrusion Method and the Liquid Expulsion Method, in that the Mercury Intrusion
Method shows relatively larger pores than those detected by the Liquid Expulsion
Method.

Table 5.1 Comparison of Pore Size Determined by Mercury Intrusion Method and Liquid
Expulsion Method

(mm)

Bubble
Pressure
(KPa)
LEM

LEM

MIP

LEM

MIP

0.559

5 .74

1 1.15

149.00

1 .06

4.4 1

0.0 1 3

0.022

0.503

3.86

1 6.59

1 46.00

2.00

1 8.90

0.027

0.053

Sample Thickness

Coating
Coating
H

Bubble
Pore Size
(um)
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Permeability
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Factor
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Figure 5.6 Pore Size Distribution Determined by Liquid Expulsion Method

It is not surprising that the results from the Mercury Intrusion Method and the
Liquid Expulsion Method are not in quantitative agreement. In the Mercury Intrusion
Method, when pressure increases, the mercury will intrude the bigger pores first and then
the smaller pores, which does not take into consideration whether the pores are permeable
to liquid or not. Therefore, the non-effective (blind) pores may be detected in the
Mercury Intrusion Method, thereby contributing to the calculation of the pore size
distribution. However, the Liquid Expulsion Method only measures the effective pores,
which means the pore size distribution obtained by the Liquid Expulsion Method only
accounts for the permeable pores. For this reason, the Liquid Expulsion Method will be
more suitable for the study of materials' transport properties, which is critical for
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refractory coating materials used in LFC foundries. In reality, most of the pores in a
porous medium will not be made of straight tubes of varying diameters. The typical pore
channel shapes for a given coating are qualitatively illustrated in Figure 5.7. Pore type d
shown in Figure 5.7 is a blind pore, which will not contribute to the transport properties;
however, the Mercury Intrusion Method will still measure it. The Liquid Expulsion
Method only detects those pores which are totally open through the coating thickness;
therefore, pores a - c in Figure 5. 7 will be detected only if the pressure reaches a certain
point to push the liquid out through the constricted portion of the pore channels. Thus, the
pore size measured by the Liquid Expulsion Method is the smallest diameter of the whole
pore channel. However, the Mercury Intrusion Method may consider such a pore as
several different-sized pores. For example, pore a and b will be individually considered
as 3 pores of different sizes. Pore c might be detected as dozens of pores varying in size.
In order to analyze small pores, very high pressure is applied in the Mercury Intrusion
Method, which may distort the microstructure of tested samples [2 1 ] . The high pressure
may deform some pores and even make them collapse. In addition, the Mercury Intrusion
Method has a relatively low resolution at larger pore sizes [29]. Measurements of the
maximum pore size (bubble pore size) by the Mercury Intrusion Method will not be as

(a)

(b)

(c)

(d)

Figure 5. 7 Influences of Pore Channel Shape on Pore Size Determination
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accurate as those obtained from the Liquid Expulsion Method. The differences mentioned
above explain the reasons that the Mercury Intrusion Method might give relatively larger
size ranges for pores than those detected by the Liquid Expulsion Method.

Although differences exist between the Mercury Intrusion Method and the Liquid
Expulsion Method, both methods tend to indicate that coating H had relatively larger
pores than coating B, which is also confirmed by images obtained from the Scanning
Electron Microscope. Comparing Figure 5.8 and Figure 5.9, it can be seen that the
surface of coating B is fairly smooth, while the surface of coating H is particularly rough.
It is reasonable to assume that particle shape is one of the factors influencing pore size
distribution. Coating B is mainly based on mica, which is flaky, as shown in Figure 5. 1 0
(a); while the majority of particles in coating H are silica, which is bulky, as shown in
Figure 5 . 1 0 (b). Bulky particles might more easily tend to construct voids between
particles, which form tunnels for gas/liquid to pass through.

2. Pore Shape Factor
From Figure 5.8 and Figure 5.9, it can also be seen that most of the pores do not
have cross-section that mimics a circle, an implicit assumption for interpretation.
Therefore, a pore shape factor is often proposed to consider the non-circular cross
section.
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Figure 5.8 Surface Microstructures Image of Coating B

Figure 5.9 Surface Microstructure Image of Coating H
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I
(b)
Figure 5.10 Typical Images of Coating Particles (a) Coating B (b) Coating H

If the pore section is considered to be elliptical with minor axis d and major axis
nd, the following relationship exists:
1 8 · (1 + n 2 )
d
n2

dS
dV

(5. 1 7)

Combining Equations ( 5 . 1 1 ) and ( 5 . 1 7), the pore shape factor can be defined as
l+
A = !!__ = �

D

n'

2 · n2

'

(5. 1 8)

Some typical values of the pore shape factor are listed in Table 5.2. In the
following part of this paper, all the pore sizes have been assumed to have n value of 7,
and thus the results based on cylindrical pore shape are multiplied using a pore shape
factor of 0. 7 1 5.
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Table 5.2 Pore Shape Factor
Pore Cross Section

0
C)

�

n

Shape Factor A (d=')..,D)

1

1

2

0 .791

4

0 .729

7

0 .714

3 . Correlation between bubble pore size, mean pore size and flow factor
In this work, it was found that useful relationships exist between bubble pore size,
mean pore size and flow factor. As shown in Figure 5 .11 , the mean pore size increases as
the bubble pore size increases for coating B and H. The data collected at a manufacturing
facility using the liquid expulsion technique described in this paper for coatings I, LB,
LH and T are shown in Figure 5 .1 2. These data show that mean pore size increases with
the increased bubble pore size. However, coating LH did not demonstrate this trend
significantly, which might be attributed to the bulky-shaped particles in coating LH. The
majority of the particles in coating I, LB and T were flaky-shaped particles, mica. During
the dipping and drying process, the flaky-shaped particles might demonstrate relatively
organized orientations, which might cause the consistent trend between bubble pore sizes
and mean pore sizes. However, coating LH mainly consisted of bulky-shaped particles,
silica. During the dipping and drying process, these bulky-shaped particles might have all
kinds of orientations, which might disrupt the trend between bubble pore sizes and mean
pore sizes.
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A strong relationship was also observed between flow factor, bubble pore size and
mean pore size as shown in Figure 5.13 through Figure 5.17, which indicates that it is
possible to predict the transport properties (flow factor in this study) by measuring the
microstructure information (pore size in this study) of refractory LFC coatings. As shown
in Figure 5.15, linear regression gives R2 = 0.81 for an assumed linear relationship

between flow factor and mean pore size for coatings B and H, which suggests that 81%
of the changes in flow factor can be explained by the changes of mean pore size for the
samples prepared and studied in the laboratory of the authors. In contrast, the data
collected at a manufacturing process control facility for 8 types of commercial refractory
LFC coatings as shown in Figure 5.16 seem to fit two linear trends, both of which
demonstrate fairly good linearity (R2 � 0.81 ). In addition, the linear regression equations

obtained for 8 types of commercial refractory LFC coatings seem to work fairly well for
coating I, LB, LH and T, which are the refractory LFC coatings currently used at this

metal casting facility. Although R2 = 0.32 is relatively poor for coating LH, the variations
between the predicted flow factor using the linear equation in Figure 5.16 and the
measured flow factor are within ±30%, as shown in Figure 5.18. The reason for the

inconsistent behavior for coating LH is not clear yet; however, the overall results do
imply that the linear relationship between flow factor and mean pore size does exist but
might not be able to be predicted by a unique equation that is universal to coating
component variations. The analysis of the bubble pore size and mean pore size data
provides valuable insight for understanding a relationship between the microstructure and
the transport properties of these complex multi-component refractory LFC coatings.
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4. Effect of Dilution and Dispersion
In LFC foundries, the coating slurries shipped from suppliers are normally
concentrated, and have a viscosity higher than what is used for actual coating purposes.
Generally, operators in LFC foundries will add water and/or dispersant to these
concentrated slurries to obtain desirable rheological data (flows well, does not drip, and
levels without sagging). Therefore, it is essential to investigate the effects of dilution and
dispersion on the transport properties of refractory coatings. In this study, 5% of water by
volume was added to the synthetic coating H to obtain diluted synthetic coating H.
Similarly, 1 % of dispersant (CALGON) by weight was added to the synthetic coating H
to obtain the dispersed synthetic coating H.

Results shown in Table 5.3 suggest that adding dispersant may reduce the bubble
pore size as well as mean pore size; correspondingly, the flow factor declines. In contrast,
adding only water tends to increase the bubble pore size and mean pore size, which
simultaneously raises the flow factor. These results were qualitatively analyzed by
comparing the SEM images of the original coating H to those of dispersed and diluted
samples (Figure 5 .19 - Figure 5 .21).

This study suggests that adding dispersant will reduce the pore size and transport
properties although adding dispersant might get similar rheological performance
(viscosity values at a target rpm) as can be obtained by simply diluting with water.
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Table 5.3 Dilution and Dispersion Effects on Pore Structure

Sample

Thickness
(mm)

Bubble
Pore Size
(wn)

Mean
Pore Size
(wn)

Flow
Permeability
Factor
Coefficient
(Darcy)
(Darcy/mm)

Coating H Diluted

0.432

1 .5 1

0.028

0.065

Coating H Dispersed

0.301

1 0.57

0.83

0.0 1 0

0.035

Coating H Original

0.436

1 1.10

1 .32

0.020

0.047

1 6.23

Figure 5.19 Surface Microstructure Image of Original Coating H
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Figure 5.20 Surface Microstructure Image of Dispersed Coating H

Figure 5.21 Surface Microstructure Image of Diluted Coating H
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5. Effect of Drying Process
Generally, oven and air drying are two practical approaches used in LFC
foundries. Table 5.4 shows the comparison data for two drying techniques for the two
coatings B and H. Oven drying at 60 °C slightly increases the bubble pore size as well as
the mean pore size; however, it does not significantly affect the transport properties (flow
factor). Therefore, it is reasonable to conclude that oven versus air drying processes do
not have substantial differences on the pore size and transport properties. It will be
interesting to perform similar studies for other drying techniques such as freeze and
critical point drying. This could shed new light on obtaining desirable properties by
varying the drying process. The equipment and procedures developed in this study will be
valuable for generating such data.

CONCLUSION

In this study, the applicability of the Liquid Expulsion Method was investigated
for refractory LFC coatings. The results have shown that the Liquid Expulsion Method is
more suitable to characterize the "effective pore" structure. Compared to the Mercury
Intrusion Method, the Liquid Expulsion Method has the following advantages: ( 1 ) No

Table 5.4 Comparison of Oven-dry and Room-dry Process Results

Sample
Oven-dry Coating B
Room-dry Coating B
Oven-dry Coating H
Room-dry Coating H

Thickness
{mm}
0.480
0.479
0.502
0.494

Bubble
Pore Size
{um}
8.75
8.27
10.55
9.7 1
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Mean
Pore Size
{um}
0.85
0.75
1.19
1.10

Permeability
Flow
Coefficient
Factor
(Darcy}
{Darcy/mm}
0.016
0.016
0.024
0.020

0.033
0.033
0.048
0.040

toxic liquid (Mercury) is used; (2) It is a non-destructive test; the sample is not damaged
or contaminated; (3 ) Only effective pores are detected; therefore, this technique is more
appropriate to characterize the microstructure of porous material for transport behavior.
Results from this study have also suggested that useful relationships can be derived
between flow factor, bubble pore size and mean pore size. This has implications for using
fewer variables such as a bubble pore size and mean pore size as good indicators to
understand the relationship between the microstructure and the transport properties of
refractory LFC coatings. The present study also found that the dilution and dispersion
have opposing influences on the pore size and permeability. The dispersant should be
used cautiously in LFC foundries because it might reduce the transport properties of the
refractory coatings. No significant differences between oven and air dry processes were
found for interpreted and measured parameters using Liquid Expulsion Method for
refractory coatings used in Lost Foam Casting.
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PART 6. A NOVEL TECHNIQUE TO MEASURE COATING
THICKNESS OF REFRACTORY MATERIALS
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This part is a slightly revised version of a paper with the same title to be
submitted in the Journal of Materials Research in 20 04 by Xin Chen and Dayakar
Penumadu and Ramitha Wettimuny:
Chen, X., Penumadu, D. , Wettimuny, R. "A novel technique to measure coating
thickness of refractory materials," to be submitted, Journal of Materials Research, 20 04 .
My primary contributions to this paper include (1 ) selection of the topic and
development of the problem into a work relevant to my doctoral research study, (2)
development of experimental setup, (3 ) most of the gathering and interpretation of
literature, (4 ) performing the laboratory experiments, (5 ) interpretation and analysis of
test results, (6 ) most of the writing.

ABSTRACT
Refractory coating plays an important role in the Lost Foam Casting (LFC)
process. Varieties of defects in the metal casting using LFC are related to the properties
of the refractory coatings used in the process. The refractory coating is formulated to
have sufficient mechanical strength, transport properties, and thermal properties, which
are all directly affected by the thickness of the refractory coating. The coating thickness
should be large enough to avoid metal penetration defects; at the same time, the coating
thickness should be thin enough to provide sufficient transport capability for mass and
energy transfer during the casting, and provide adequate refractory properties. This paper
presents a novel coating thickness measurement system for the refractory LFC coatings.
Coating thickness at various locations on a L-shape test pattern is investigated for five
14 6
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types of commercially available refractory LFC coatings. Results show that the coating
thickness on the foam patterns is not uniform and depends on the coating type, topography of the foam surface, and coating properties such as its surface tension,
thixotropic loop area, mean particle size diameter, and viscosity. In addition, this paper
demonstrates the applicability of the coating thickness measurement system by
comparing coating thickness at specific locations on three engine block patterns. Results
show that large differences in coating thickness measurements for "good" and "bad"
coating samples are observed. The present research demonstrates the need for monitoring
coating thickness as an important quality control parameter for LFC foundries and
refractory coating manufacturers. The general application of the proposed imaging based
technique is expected to have impact on other disciplines dealing with hard porous
coatings on soft substrate.

INTRODUCTION
It is well known that refractory coating plays a critical role in the success of the
Lost Foam Casting (LFC) process for obtaining near net shape metal castings. The
refractory coating is expected to have sufficient mechanical strength, transport properties

and thermal properties. Research has found that a variety of defects in the casting are
related to the properties of the refractory coatings [1-3 ] . Therefore, the refractory coating
needs to be well controlled to ensure the casting quality. The coating needs to be strong
enough to resist the pressures during the sand compaction and casting. At the same time it
should have sufficient transport capacity to transfer the degraded material into the
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surrounding sand. The refractory coating also should have desirable thermal properties to
control the solidification of molten metal and metal filling.

Research has found that the strength, transport, and thermal properties of the
refractory coating were affected by the thickness of the refractory coating. Increasing
coating thickness will increase coating strength. However, decreased coating
permeability was observed with increasing coating thickness [4] . It was also observed
that the increase in the coating thickness impaired the metal filling speed or the rate of
pattern recession [ 5, 6]. Sands et al. [ 6] found that if the permeability of the coating was
extremely low, a substantial gas layer could build up ahead of the metal front, which
might hinder the heat transfer from the metal to the polymer and thereby impair the metal
filling. High metal velocities caused by the high permeability coating tend to cause metal
turbulent flow and the blisters defects [7]. It was also found that the thickness of the
refractory coating influenced the heat transfer [8, 9] .

In most Lost Foam Casting foundries, wet deposit weight and dry deposit weight
on expandable polystyrene (BPS) foam patterns are used for controlling the global
amount of coating deposit on the foam pattern. The coated foam pattern is weighed
before dipping into the coating tank, and again after dipping. These approximate weights
are used to calculate wet deposit weight, which gives information on how much coating
material is obtained after dipping depending on the coating slurry rheology and particle
size distribution. At this stage, there is still some coating dripping down from the pattern,
so the dry weight of coated foam is also measured to calculate the dry deposit weight to
14 8

insure there is sufficient coating left on the foam pattern. This information is usually used
to roughly estimate the coating thickness after drying. Most of the published literature has
assumed that coating thickness was uniform at various locations. However, the refractory
LFC coating slurries are non-Newtonian materials and have the thixotropic and
viscoelastic behavior. The coating slurry will not deposit the same thickness layers at
various locations on the foam pattern because of the complex foam shapes. It is even
possible that there are no coating layers or very thin coating layers at the very sharp
corners, which might cause the penetration defects.

During the mass and energy transformation in the LFC process, a backpressure
would exist between coating, metal front, and polystyrene. This pressure and the pressure
from surrounding unbonded sand would have a combined force on the coating layer. If
the strength of the coating can not support the total force, the molten metal or the sand
would break the coating layer to cause penetration defects. In addition, the scratch
between the unbonded sand and coating during the compaction may also contribute to the
penetration defects if the coating layer does not obtain sufficient strength. Thus, the
coating needs to be thick enough to obtain sufficient strength. However, too thick a
coating would affect the permeability and the heat transfer property. Therefore, the
uniformity of the coating thickness should be taken into account during the LFC process.
The coating thickness distribution should be able to ensure the sufficient coating layer
thickness at the sharp corners to prevent the penetration defects; at the same time, the
coating thickness needs to be thin enough to provide sufficient transport capability for
allowing pyrolysis products of EPS foam during the metal casting process.
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It thus is necessary to measure the coating thickness at various locations to get an
understanding of the coating thickness ranges. This information would help LFC coating
suppliers to optimize the coating slurry recipes to produce relatively uniform coating
layer. Although LFC is considered a design-freedom casting process, the design of the
polystyrene foam pattern should consider the shape and complexity of the patterns to
ensure better sand fill and coating drainage [ 1 O] . The thickness variation on the foam
pattern would help LFC foam designers to determine how they can design complicated
shapes to minimize the potential of non-uniform coating thickness.

In this paper, a new technique based on digital imaging analysis was developed to
provide LFC foundries with the capability to measure the coating thickness at various
locations. The coating thickness of five commercial LFC refractory coatings, which are
currently used in major automotive LFC foundries, was investigated at various locations
on a laboratory scale test foam pattern. Measured coating thickness variations were
correlated to the rheological properties of these coatings. This paper also demonstrated
that coating thickness was an important indicter of the quality control by comparing
coating thickness distribution at specific locations on three engine block foam patterns.

EXPERIMENTS

1 . Coating Thickness Measurement System
The coating thickness measurement system developed in this study was based on
light transmission theory and digital imaging analysis. It consists of a coating cutting
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machine, optical microscope system, light system, and digital image analysis software as
seen in Figure 6 .1 to Figure 6 3. . The coating thickness is measured by observing a foam
slice with coating under an optical microscope and analyzing the image under a DC back
light in transmission mode. Because of the material property differences such as the
density and optical properties between the polystyrene foam and coating, the amount of
light that can transmit through will be different, as shown in Figure 6 .4. Therefore, the
differences in light intensity can be used to detect coating layer edge and thereby measure
the coating thickness.

In the digital images, the amount of light transmitting through the polystyrene
foam and coating is represented by the grayness, ranging from completely black to
completely white. The darker the grayness, the less the light transmits. The levels of the
grayness are referred to as the gray scale pixel values, usually, zero corresponding to
black and L-1 corresponding to white, with intermediate level representing various
shades of grey (L=2\ where b is bit depth) . The greater bit depth represents a larger
number of quantization levels. An image with only one bit depth will only have black (0 )
and white (1) . In this paper, the coating thickness measurement system uses 8 bit gray
scale image. Thus, 256 grey levels ranging from 0 (black) to 255 (white) are used as pixel
values. The pixels representing polystyrene foam will have gray scale values close to
white (255 ) , while the pixels representing coating will have gray scale values close to
black (0 ) as illustrated in Figure 6 .5 . These differences can be analyzed to distinguish the
boundaries between the coating and polystyrene foam. The distances between the two
sides of the coating can then be measured as the coating thickness.
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Figure 6.1 Schematic of Coating Thickness Measurement System

Figure 6.2 Coating Sample Cutting Machine Using a Scroll Saw
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Figure 6.3 Image Analysis Based Coating Thickness Measurement System

Background

Figure 6.4 Typical Image of Foam Pattern with Coating under Back Light
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0

1 28

255

Figure 6.5 Illustration of 8 Bits Depth Gray Scale

The boundaries between the coating and foam are determined by the vertical
scanning beam lines. These digital images are represented by the combination of many
small regions called pixels, which are identified by their positions (x,y) in the image with
the upper-left position of the image as the original position (0,0). The scanning beam
starts to vertically scan each pixel from the bottom to the top, as shown in Figure 6.6. For
each scanning beam, the gray scale values can be plotted as a curve, shown in Figure 6. 7.
The turning points can be identified as the boundaries between foam and coatings.

Once the boundaries are determined, the distances can be measured. Though the
boundaries are not always straight because of the complicated foam pattern shapes, in a
small region the boundaries can be considered as linear. Thus the bottom boundary of
coating can be considered as a line connected from the first point to the last point in a
small region. Then the points on the upper boundary are connected to the points on the
bottom boundary to form lines, and the angles between these lines and the bottom
boundary can be calculated. The distance from the points on the upper boundary to the
bottom boundary is the length of the line that forms 90° angle with the bottom boundary,
as shown in Figure 6.8.
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Figure 6.8 Illustration of the Coating Thickness Measurement

The distances are then measured in this way region by region, and are cumulated
to obtain the average, maximum, and minimum thickness values. The coating thickness
measurement procedure includes the following steps. First, expandable polystyrene foam
pieces with coating are cut at specified positions from the original LFC foam patterns.
Then, a slicing machine as shown in Figure 6.2 is used to obtain a thin slice of foam with
coating having a thickness of 1 mm. Before measurement, the coating thickness
measurement system needs to be calibrated using a micrometer ( this step only needs to be
done once at the starting phase of analyais for a given magnification), and will represent
the coating thickness results using length units such as millimeters instead of pixels. An
image of a micrometer is taken under the microscope. Thus, the scale of the micrometer
is now represented by pixels, as shown in Figure 6.9. Then, the pixel-to-millimeter
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conversion factor is used to convert the length on screen to real length automatically. For
example, if a 2 mm scale in the digital image is represented by 20 00 pixels, the pixel-to
millimeter conversion factor will be 1 micrometer/ pixel, which indicates that one pixel in
this image will represent 1 micrometer in reality. After calibration, the slices of foam
with coating are put under the optical microscope to capture the digital images of slices
with light transmission from the DC back light. Software automatically measures the
coating thickness and provides option for users to discard portions of the measurements
that users do not want to include in the calculations due to various reasons including poor
representation for distinguishing coating versus background, as illustrated in Figure 6 1. 0 .
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Figure 6.10 An Image of Coating Thickness Measurement System Software Interface

2. Samples
Five types of commercial refractory LFC coatings (Table 6. 1 ) were investigated
in this study. The mean particle diameters shown in Table 6. 1 were measured by a Flow
Particle Imaging Analyzer (SYSMEX) mentioned in previous work [ 1 1 ]. In this study,
the mean particle diameters were based on number based particle size distribution that
ignored particles smaller than 5 um because particles smaller than 5 um were mainly
latex binder and do not play functional role for transport properties. Viscosity values
were measured at 20 RPM by a Brookfield viscometer. The thixotropic loop areas were
measured using the prior work of authors [ 1 2] by a stress ramp test. In general, the area
of the stress ramp loop was found to be a good indicator of the rate of structural
breakdown and recovery for a fixed ramp time. A large area of the thixotropic loop
implies a slow breakdown-recovery rate.
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Table 6.1 Five Types of Refractory LFC Coatings

Coating

Refractory

Coating H
Coating I
Coating T
Coating B6
Coatin� B5

Silica
Mica
Mica
Mica
Mica

Density ¾Solids
g/cc
1.62
1.33
1.33
1.46
1.33

62.80%
42.80%
42.90%
49.90%
42.80%

Mean
Diamter
um
13.78
11.66
10.27
14.69
10.65

Viscosity at
20RPM

Thixotropic
Loop Area

CQS

877.58
736.58
936.95
1066.70
762.50

824.60
1314.25
1207.33
325.60
1337.90

In order to investigate the effects of foam pattern shape on the coating thickness,
an L-shape test pattern (Figure 6.11) was chosen that had necessary geometric features to
evaluate the uniformity of the coating on the foam patterns. The L-shape test pattern was
cut from a gate section from an engine block foam pattern. Then, the L-shape test pattern
was coated with a given refractory coating by dipping the pattern into the coating tank.
Coating thickness measurement samples were prepared by cutting thin slices out of the
specimen perpendicular to the coated surface after the L-shape test pattern had dried as
described earlier. The coating thickness was measured individually at the vertical surface,
the inside comer, the horizontal surface, and the outside comer. More than 10 samples for
each type of coating were measured, and average values of these measurements were
used in this study.

In addition, coating thickness at various locations on three engine block foam
pattern samples provided by a major automotive manufacturer were also investigated and
compared in this study. Samples A and B were randomly selected from samples that
produced a lot of coating related defects, and sample C was randomly selected from
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Figure 6.1 1 Test Pattern for Coating Thickness Measurement

samples that did not produce coating related defects. In this paper, sample A and sample
B were called "bad" samples, while sample C was called a "good" sample. Because most
of the defects were found at some specific places, the coating thicknesses at specified
places were investigated, as shown in Figure 6.12 and Figure 6.13 . The foam slices with
coating from the left, the middle and the right, for both inside and outside surfaces of the
foam pattern on each area were prepared, as shown in Figure 6.14. In order to reflect the
geometric shape effects of pattern foam on the coating thickness, coating thickness was
also measured and identified as top, center and bottom sections for each slice.

RESULTS AND DISCUSSION

Coating thickness measurements of five types of LFC coatings suggested that
coating thicknesses on the horizontal surfaces were thicker than those on the vertical
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Figure 6.12 Locations of Area 1 and 2 on Coating Pattern

Figure 6.13 Locations of Area 3 and 4 on Coating Pattern
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Figure 6.14 Notations of Measured Locations

surfaces, as shown in Table 6.2. It also showed that coating thickness at inside comer
were thicker than those at outside comer. Coating H, I, T, and B6 also demonstrated that
coating thickness tended to be: inside comer > horizontal surface > vertical surface >
inside comer. Some of the differences in thickness can be attributed to gravity and
surface tension. Gravity caused coatings on the horizontal surface thicker than on vertical
surface because coatings tended to drain from vertical surface due to gravity. Coating at
inside comer thicker than outside comer was caused by the surface tension force, which
tried to minimize the surface energy [ 1 3]. However, coating B5 seemed to be an
exception to this trend. Coating B5 had same thickness on both the horizontal surface and
the vertical surface. Both were thicker than the coating thickness at the inside comer.

This can be explained by the competition between gravity and surface tension.
The Bond number Bo is generally used to represent the relative importance of gravity and
1 62

Table 6.2 Measured Coathing Thickness at Various Locations for Five Types of Coatings

Coating
Horizontal
Coating H
Coating I
Coating T
Coating B6
Coatin� B5

0.120
0.116
0.168
0.113
0.126

Thickness (mm)
Inside
Outside
Comer
Comer
0.093
0.142
0.104
0.120
0.127
0.178
0.249
0.091
0.099
0.120

Vertical

V/H

0.110
0.115
0.156
0.097
0.126

0.9158
0.9940
0.9251
0.8563
0.9992

surface tension. If Bo=0, there will be only surface tension existing in the system. If
gravity is greater than surface tension, Bo will be greater than zero. A large Bo number
represents a significant influence of gravity. Stocker et al. [14] demonstrated that vertical
surface and horizontal surface would obtain equal coating thickness if given Bo=0. Slurry
could be retained on the vertical surface because of surface tension for smaller Bo
number (Bo > 0); however, more slurry would drain from the vertical surface to deposit
on the horizontal surface with the increase value of the Bo number. In this study, surface
tension might be more dominant than gravity for coating B5, which caused the coating to
be retained on the vertical surface.

Figure 6.15 shows that the ratios of coating thickness on the vertical surface and
the horizontal surface increased with the increase of thixotropic loop area. In contrast,
increased viscosities reduced the ratios of coating thickness on the vertical surface and
the horizontal surface. Weiner et al. [13] discovered a "rebound" effect in the application
of liquid coatings to curved substrates. Surface tension forces might pull liquid back to
thin regions due to solvent evaporation. The "rebound" effect was found to be dependent
on the viscosity, drying time and magnitude of surface tension change. The "rebound"
163

��

1 .02 ....-----------------------------------,

• Tirixoh·opic Loop Area
o Viscosity

D

D

� 0.98

.� 0.96

;... 0.94

�
�

D

-� 0.92

�

.A.

D

0.9

� 0.88
'-'
'.C

c

0.06

0.84

D

+-----r-------r--------r-------.--------,-----�-------.---------1
200

400

600

800

1 000

1 200

1 400

1 600

Tl1i.'\'.otJ:opic Loop Ana 01· Viscosity

Figure 6.15 V/H vs. Thixotropic Loop Area and Viscosity

effect helped to explain the phenomena observed in Figure 6. 1 5. The overpressure that
surface tension had to overcome increased with the increase of viscosity, which reduced
the "rebound" effect and the ratios of coating thickness on the vertical surface and the
horizontal surface declined. The large thixotropic loop area indicates the longer time for
coating to rebuild its structure to restore its viscosity. Therefore, a large thixotropic loop
area would provide surface tension with a longer time to pull back liquid to thin region
before the viscosity was restored to hinder the liquid flow, which explained that the ratios
of coating thickness on the vertical surface and the horizontal surface increased with an
increase in the thixotropic loop area.
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It was also observed that the negative relationship between coating thickness on

the vertical surface and the mass of mean diameter particle ( density times mean
diameter''3) existed in this study for these five types of LFC coatings (Figure 6. 16). It
suggested that, for a given density, coating thickness on vertical surface would decline
with the increase of mean particle diameter due to the gravity.

Coating thickness comparisons of three engine block patterns A, B and C at
specific problem areas from metal castings were shown in Figure 6. 1 7. It was observed
that coating thickness varied from position to position and from sample to sample. In this
study, coating thickness as large as 6 15µm, and as small as 109µm were observed at
specified locations on the engine block foam pattern shown in Figure 6.1 2 and Figure
6. 13.
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It was also found that in most cases the coating thicknesses on the inside surfaces
were greater than those on the outside surfaces (Figure 6. 1 7). This phenomenon seemed
reasonable because the coatings on the outside surfaces could flow away easily from the
foam pattern to cause less deposit on the outside surface during the rotation of the foam
pattern. This behavior was significantly demonstrated by the "good" sample C, but it was
not observed in the "bad" coating A and B. In order to reflect the geometric shape effects
of pattern foam on the coating thickness, coating thickness was also measured at top,
center and bottom sections for each slice as illustrated in Figure 6. 1 4.

Some of terminologies was defined as follows:
TBC means Top thickness > Bottom thickness > Center Thickness
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TCB means Top thickness > Center thickness > Bottom Thickness
CBT means Center thickness > Bottom thickness > Top Thickness
CTB means Center thickness > Top thickness > Bottom Thickness
BTC means Bottom thickness > Top thickness > Center Thickness
BCT means Bottom thickness > Center thickness > Top Thickness

Figure 6.18 showed the comparison of coating thickness at the top, center and
bottom sections for three engine block foam patterns. Figure 6.18 ( e) showed that more
frequently for the 'good' coating sample C for the outside surface following was: center
> top > bottom. However, the 'bad' samples A and B as shown in Figure 6.18 (a) and (c)
did not show the same behavior. The thicker coating layer at the center section might be
caused by the excess adhesive. In general, in order to protect against penetration of the
refractory coating slurry, a slight bead of excess adhesive may exist at the joint of two
polystyrene pieces when assembling the LFC polystyrene foam pattern segments [15].
This excess adhesive changed the topography of the foam surface, which might cause the
coating to be thicker at the joint.

For the coating on the inside surface of the foam pattern, Figure 6.18 (f) showed
that the 'good' sample C tended to have a thicker coating layer at the bottom section,
which was, however, not observed in the 'bad' samples A and B. Overall, these findings
indicated that coating thickness distribution might contribute to the coating related
defects.
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CONCLUSION

This paper demonstrated the applicability of a novel coating thickness
measurement system for the refractory LFC coatings. The measurements showed that the
coating thickness on the foam patterns was not uniform. Certain trends were observed for
the coating thickness distribution related to the deposition of less coating on the vertical
surface and outside comer when compared to the horizontal surface and inside comer.
This study also showed that the coating thickness values on the inside surface were
thicker than those on the outside surface due to the dipping and drying process. Coating
types, topography of the foam surface, and coating properties such as surface tension,
thixotropic loop area, mean particle size diameter and viscosity had important influence
on the coating thickness distribution. Excess adhesive at the joints might also affect the
coating thickness and could lead to coating related defects.
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PART 7. CHARACTERIZATION AND NUMERICAL SIMULATION
OF REFACTORY GRANULAR MATERIALS
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This part has two sections. A slightly revised version of a paper published in the
World Congress Computational Mechanics VI by Xin Chen, Dayakar Penumadu and
Angelina Benson-Glanz was included in Section II :
Chen, X., Penumadu, D., Benson-Glanz, A. "Modeling packing behavior of
granular materials in loose state," World Congress Computational Mechanics VI, Sept. 510, 2004, Beijing, China.
My primary contributions to this paper include (1) selection of the topic and
development of the problem into a work relevant to my doctoral research study, (2)
involvement of developing experimental setup, (3) most of the gathering and
interpretation of literature, ( 4) performing most of the laboratory experiments, (5)
interpretation and analysis of test results, (6) programming computer code to perform
numerical simulation (7) most of the writing.

SECTION I. CHARACTERIZATION OF REFRACTORY GRANULAR
MATERIALS

INTRODUCTION
Lost Foam Casting (LFC) is becoming a popular replacement of the conventional
metal castings techniques based on its unique advantages. One of its advantages is that it
is less environmental hazardous and provides significant energy savings. The LFC
process uses the refractory un-bonded granular materials unlike conventional casting,
which reduces the chemical effects to the environment. These refractory granular
materials can also be recycled and re-used, which reduces casting cost and waste
173

materials.

In addition, the recycling used granular materials saves a natural, non

renewable resource [ 1 ] .

It i s well established that the transport of degraded materials during casting is
critical to the success of the LFC process. During the LFC process, the Expendable
Polystyrene foam will degrade and pyrolyze when the high temperature metal is
introduced into the pattern. The degraded EPS foam needs to escape through the
refractory coating and un-bonded granular materials, otherwise the defects will be
produced. Therefore, the permeability of coating and un-bonded granular materials plays
a very important factor in the success of LFC. The permeability of un-bonded granular
materials mostly depends on the porosity after compaction, which is related to the particle
size distribution and particle shape. Fu et al. [2] studied the transport of foam
decomposition products into the sand in the LFC process and observed that the rate of
movement of the vapor transport zone depended on the sand grain size distribution and
the velocity of gaseous decomposition products was higher in the coarse sand than in fine
sand.

In order to support the refractory coating under metal pressure during the casting,
the refractory granular materials must fill all the cavities around the foam pattern and
achieve sufficient density. Therefore, the flowability and packing characteristics of these
refractory granular materials are very important [3] . Wegscheid studied the influence of
sand particle size distribution for the compaction and concluded that although a wider
distribution of grain size did not fill cavities as well as sand with narrow size distribution,
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the sand with wide size distribution could achieve higher density [4] . Larger voids can be
found between coarse sand grains, which may result in higher permeability. However,
coarse sand grains may not provide sufficient support for the refractory coating because
of the relatively less number of contact points in the coarse sand grains [3] . Research also
showed that coarse sand reached maximum compact density faster than fine sand and fine
sand requires longer duration of compaction [3] .

The shapes of these granular materials also affect their packing behavior.
Rounded grains may achieve a higher density by compaction because angular grains
intend to resist compaction due to interlocking [5]. The high sphericity of the granular
materials will improves the flowability, which facilitates higher fill and less compaction
cycle rates with lower energy consumption [6] . The particle shape may also influence the
porosity and permeability of the packed particles. As shown in Figure 7 .1, the spaces
occupied by the "same size" spherical particles are different from that occupied by the
rectangle particles. Thus, the void space and porosity will be different for differently
shaped particles, which will produce a distinct permeability. Moreover, the spherical
shape of the particle will have a higher flow-ability, which reduces the vibration used
during compaction to avoid the cracking of particles.

Because of the reuse of the un-bonded granular materials, there are extensive
handling processes of these granular materials. During the sand transport, particles of fine
sand debris could result from the grains banging together and breaking apart [7].
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(a) spherical particles

(b) rectangle particles

Figure 7.1 Permeability and Porosity Depend on the Particle Shape

Excessive fines can be used as an indictor of poor handling during sand loading,
shipping and transport [8]. Due to the compaction and reuse, the size and shape of the
granular particles used in LFC process may change, as illustrated in Figure 7 .2.
Therefore, it is very important to monitor the shape as well as the particle size
distribution of these un-bonded granular materials to ensure the intended performance
during its use with tools that are capable of monitoring in-line.

The traditional particle size analysis method using sieve analysis has been widely
used in LFC foundries for the particle size analysis of these un-bonded granular materials
(sand and mullite ). However, the sieve analysis does not quantitatively provide the
particle shape information. Therefore, a new approach that provides capability of
characterizing particle shape as well as particle size distribution information is described.
This new approach should also be a practical and robust, preferably using a technology
that can be implemented online in a manufacturing process control setting.
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Figure 7 .2 Shape and Size Change during the Reuse and Compaction

In this study, two types of un-bonded granular materials (sand and mullite) were
characterized by three different particle sizing techniques ( sieve analysis, Laser Light
Scattering and Imaging Analysis). It was found that Imaging Analysis is capable of
providing accurate particle size distribution measurement as well as particle shape
information.

EXPERIMENTS

1 . Samples
Generally, the refractory granular materials used in LFC are silica sand and
mullite. Silica sand is mostly used in LFC foundries because of its abundance and
availability in the U.S., which offers the cost effectiveness compared to other granular
refractory minerals. Mullite is a high-temperature heat-treatment product of any of a
variety of naturally-occurring alumina silicate materials, notably sillimanite, kyanite or
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andalusite [9] . It is believed that mullite has spherical shape, high hardness and small
thermal expansion behavior. Due to its spherical shape, mullite has high permeability and
flow ability, which reduces the vibration requirement for compaction and minimizes
particle breakage [ 1 0] .

2 . Instruments
The characterization tests were conducted by the following instruments: sieve
analysis, Laser Light Scattering (MasterSizer S, Malvern Instrument) and Imaging
Analysis (Particle Size Distribution Analyzer, Clarkson University).

Sieve analysis is one of the oldest particle size measurement methods. A series of
sieves with standardized openings are stacked one by one, with the largest openings sieve
at the top and the smallest opening sieve at the bottom. Samples are poured on the top
sieve and are shaken down by vibration. Particles will fall through until they reach a
sieve whose openings are too small for them to pass. The weight of particles retained on
each sieve is then measured and the particle size distribution is calculated. Sieve analysis
provides a simple method to measure the particle size. However, it might result in bias
for composite materials, which have various particle densities.

Static Laser Light Scattering (LLS) uses a laser light passing through particles and
collects the light intensity scattered by the particles. Mie theory is applied to generate the
particle size distribution based on the collected light intensity data. LLS provides a non
destructive and broad range measurement method for the particle size measurement.
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However, its theory is based on the assumption that particles are spherical which is not
true for most of particles in reality. In addition, the results are highly dependent on the
accuracy of the optical parameters, such as refractive index and light absorption, which
are often unknown and estimated.

The applications of image analysis on particle shape and size have been
extensively studied in last few years [ 1 1 - 1 4] . In this study, a digital Imaging Analysis
based instrument -- Particle Size Distribution Analyzer (PSDA), which was developed by
Dayakar Penumadu and Rongda Zhao, and was employed as a tool using Imaging
Analysis technique. PSDA consists of a personal computer with imaging analysis
software, CCD camera, lighting, vibration feeder and sample retrieval container as shown
in Figure 7.3. The sample is shaken down from a vibration feeder to fall through the
CCD camera with the back transmission lighting. The CCD camera captures the falling
particles as shown in Figure 7.4, in which the amount of light transmitting particles is
represented by the grayness ranging from the completely black to completely white. The
darker the grayness, the less the light transmits. The gray scale differences can be
anal yzed to distinguish the boundaries of p articles. Once the boundaries of the particles
on the image are determined, the proj ected area of these particles can be measured to
calculate Equivalent Area Circular Diameter (EACD), which refers to the diameter of a
circular particle with the same area. PSDA uses a term called Roundness to characterize
particle shape. The Roundness of each object is determined Equation (7 . 1 ). Perfectly
circular objects will have a Roundness of 1 ; other shapes will have a value greater than 1 ,
as illustrated in Figure 7.5.
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Perimeter 2
Roundness = ---4 · tr · Area

(7. 1 )

RESULTS AND CONCLUSION

Figure 7.6 and Figure 7.7 show the particle size distribution measurement results
of sand and mullite from three different particle sizing technique. Compared to the LLS
technique, PSDA results have a very good agreement with traditional sieve analysis. LLS
gave a relatively larger particle size distribution discrepancy from sieve analysis for sand
than that for mullite, which may be attributed to the particle shape that mullite is more
closed to sphere than sand. It can be also seen that PSDA gives a fairly good repeatability.
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Figure 7.7 Particle Size Distribution for Mullite

Figure 7.8 and Figure 7.9 individually shows the particle shape histogram of sand
and mullite from PSDA. The results show that sand is more non-spherical particle with
Roundness values greater than 1 .20. It can be also seen that most of mullite particles have
Roundness values from 1 .05 to 1 . 1 5 , which indicates that mullite particles are more close
to spheres. This spherical shape of mullite will provide this particle to easily flow to
achieve higher compaction density with less energy. In addition, during the compaction,
the granular materials will be crushed, which generates fine cracks and changes the
original particle size distribution of the granular materials. The conventional silica sand is
prone to generate fine cracks because of its angular shape, while mullite has high
resistance to prevent crash because of the high hardness and rounded shape.
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Due to the potential size and shape changes of refractory granular materials
during the recycle and reuse process, it is very important to online monitor the changes of
particle size as well as particle shape of these granular materials to ensure the success of
the LFC process. This study demonstrated that Particle Size Distribution Analyzer
(PSDA) based on the Imaging Analysis shows high potential to be the online
characterization tool to monitor particle size and shape information of the refractory
granular materials used in LFC process. PSDA also achieves a high repeatability for the
measurements. Roundness defined in the PSDA is able to quantitatively characterize
particle shape information of the refractory granular materials used in the LFC process,
such as sand and mullite.
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SECTION II. MODELING PACK.ING BERA VIOR OF GRANULAR
MATERIALS IN LOOSE STATE
ABSTRA CT
The shear strength, flow behavior, and transport properties of an assemblage of
granular materials is strongly related to the understanding of the geometrical arrangement
and state of contact of individual particles (in the present study, represented by spheres).
The packing density and porosity are generally used to predict the fluid transport
properties and load-bearing strength of the granular materials. In this research, a three
dimensional (3-D) computer program was developed to simulate an assemblage of
loosely packed and irregular sized spheres using the "drop and roll" method. Monte Carlo
approach is implemented in this program to generate spheres, which can represent the
effect of varying particle size distribution on a state close to maximum void ratio and
associated contact state. The packing condition (in its loose state for this study) can be
determined from the simulations, which are being used to evaluate the effect of particle
size distribution on the bulk material properties. Computer simulations are evaluated
against limited experimental data generated as a part of this study and results show good
agreement. The effect of geometrical parameters using a rectangular container such as
height, length, and width on the packing properties of particles with particle size
distribution is also determined from this study. A bimodal distribution of particles is
analyzed to investigate the relationship with number of particles packed in a target
volume and packing density. The effects of fine materials on the packing density and
permeability are also investigated in this paper.

184

Key words:

sphere packing, packing density, void ratio, permeability, computer

simulation
INTRODUCTION

Sphere packing has been studied extensively in the past because of its widespread
applications in many fields of science and engineering [15]. It has been applied to study
the structure of crystals and minerals [16]. In addition, sphere packing is commonly used
to study the characteristics of liquids and to obtain the proper density in ceramics to
minimize porosity. Computer simulation of the assemblage of spheres has also been used
to find the maximum porosity as in the carbon black filler used in rubber [16]. In civil
engineering, concrete represents an assemblage of aggregates and cements. Asphalt
concrete and pavement materials often require a reliable estimate of relating particle size
distribution and particle shape with bulk properties such as packing density, porosity, and
coordination number. The packing of particles also gives civil engineers insight into the
porosity [17] and strength of the soil. Knowing the porosity, engineers are able to
understand the fluid transport properties of granular media [18]. The amount of stress the
particles can withstand can be approximated, once the number of contacts that each
particle makes is determined from such simulations.

As a means of learning about the behavior and properties of particles on the
macroscopic level for application purposes, computer simulations have gained popularity
with an increased interest in particle packing research. Computer simulation can precisely
calculate the contact number [17], which is difficult to be obtain from experiments. Most
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importantly, with current computational capabilities, one can generate a large number of
particles that accurately follow a specified particle size distribution curve to simulate the
behavior of complex materials. These computer capabilities allow the simulations to
produce results at the microscopic level. Thus, the mechanical properties at the level are
beneficial to predict its behavior under certain environmental conditions and forces [ 1 7].

Particle packing simulation has been used in the recent past using randomized
approach with a variety of objectives. The earliest computer simulations developed by
Vold [ 1 9, 20] , Henderson et al. [2 1 ] , Dirks et al. [22-24], and Popescu [25] focused on
modeling sphere packing without considering the effect of gravity. Various packing
methods were studied in the recent past and the random packing method emerged as the
most promising technique to realistically model particle packing with relatively smaller
number of particles. Adams and Matheson [26] and Mason [27] developed some of the
earliest computer simulations that concentrated on random spheres with close packing. In
their simulations, Adams and Matheson did not adhere to true random packing option
because their simulations did not randomly choose the position for each sphere that was
to be packed. Instead, their simulation chose the closest position to the origin that had
enough space for a sphere to ensure a maximum packing density [ 1 7] . Mason, on the
other hand, did adhere to true random packing because he randomly placed his spheres
throughout the box beginning with the smallest spheres and increasing the sphere size
[ 1 7]. Looking at the results of early sphere packing simulations, Jaeger and Nagel [28]
concluded that the maximum packing density for a box filled by a random method was
0.6400. Torquato, et al. [29] later determined that a value of 0.636 could be used as a
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general packing density for randomly filled boxes of spheres because the packing density
depends heavily on the method of packing used. One particular method described in
Torquato, et al. [29] is the "drop and roll algorithm" also known as the ballistic
deposition [ 1 7], which can reach a maximum packing density of 0.60. The ballistic
deposition methodology used in the "drop and roll" algorithm first studied by Visscher
and Bolesterli [ 1 5] and later by Jullien et al. [30] and Aparicio and Cocks [ 1 7] , become
the basis for present research. Authors experience to date suggests that this method
provides simulation of the packing of spherical particles under the influence of gravity
considering the randomized nature of drop and roll of individual particles as a function of
container geometry and other existing particles in the target control volume and more
closely applies to some problems in Civil Engineering.

In this paper, a reliable three-dimensional (3-D) simulation program was
developed to investigate the geometry effects of containers and the influence of particle
size distribution on the packing behavior and properties at a state close to its maximum
void ratio. The simulation program developed in this paper will prove to be useful for
other related applications [ 1 6, 3 1 ].

METHODOLODY
The computer simulation is based on a "drop and roll" algorithm that a sphere
with defined radius will experience when dropped into a container of known dimensions.
Spheres are considered hard and sticky. It is also assumed that there is no force
interaction between spheres or between spheres and boundaries of the container. Figure
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7 . 1 0 shows the computer simulation of random sphere packing process. The following
four steps are included in the simulation process: initialization, generation of spheres,
drop process, and roll process. In the initialization step, computer program gets the input
parameters such as the dimensions of the container and particle size distribution. Then,
spheres are generated one by one using Monte Carlo Method based on the input particle
size distribution. Once the sphere size is determined, then the computer program
generates an initial position (Xio, Yio, Zio) for the sphere i, where Xio and Yio are randomly
generated, while Zio equals the height of container (i.e., target volume) plus the radius of
sphere. The randomly generated initial position (Xio, Yio, Zio) assures that the given
sphere is right above the open container. The Zio is then reduced gradually to simulate a
falling spherical particle under gravity. This procedure is called drop process. If the
falling sphere hits the bottom of the container, it will remain in that position. If the falling
sphere hits a stationary sphere, it will begin rolling off the stationary sphere (roll
process). The rolling sphere only stops if it hit the bottom of the container or finds a
position in which it is completely supported by other spheres and/or the walls of the box.
For the sphere touching only one sphere, the roll process is based on the rotation that
occurs in the plane, which is perpendicular to the plane XY and through the center of
contacting spheres. For the sphere touching two spheres, the sphere will rotate around the
axis through two stationary spheres. For the sphere touching the vertical boundary of the
wall and another sphere, it will rotate around the axis that goes through the center of the
stationary sphere and the contact point of the stationary sphere with the vertical
boundary. The sphere will stop moving and stay at its position if it finally touches the
bottom of the container or has contact with more than two spheres. The program repeats
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the entire "drop and roll" procedure until the target volume is completely filled by
reaching specified height for rectangular box type geometry. The physical shaking and
gravity effect are taken into account by dropping one sphere for multiple runs (=N) to
reach the lowest possible geometric position [ 1 5].

The simulation program developed in this study can generate vanous size
distributions of spherical particles including uniform, bimodal, and other user specified
distribution by using Monte Carlo Method. The post-processing program is developed in
VBA (Visual Basic Application) to visualize the results in AutoCAD. The particles
generated in this simulation program are based on number based size distribution, while
the weight based size distribution is widely used in particle sizing measurement.
Therefore, a transformation was used to convert a weight-based size distribution to
number-based size distribution. The number-based size distribution represents percentage
of particles finer than a given particle size based on number of particles as_ opposed to
volume of particles. The transformation procedure is described below:

Assume that W%(i) is the weight (or volume) retained in percent for sieve size
S(i), R(i) is the average radius of the particles retaining on sieve size S(i), N%(i) is the

number-based percent retained for sieve size S(i). Thus, the following equations can be
used for converting weight-based to the number-based transformation:
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N(i) = Tota/Weight x W%(i) /(4 ! 3 x :r x R(i) 3 )

(7.2)

TN = "LN(i)
R(i) = [S(i) +S(i + 1)}/2
N¾(i) = N(i) I TN
N¾(i) = lW%(i) / R(i)3 j;lt (W¾(i) / R(i)3 ) j
where TN is the total number of particles, N%(i) is number-based percent retained for a
given sieve size S(i).

Limited experiments were performed in this research to test certain predictive
capabilities from the computer simulations. The container used in the experiments had he
dimensions of 120 mm long by 57.2 mm wide and a height of 152 mm. The uniform
plastic spheres used in the experiments had a density of 1.23 g/cm3 and with a radius of
6.9 mm. Spheres were consecutively dropped from the same height but in random
positions spatially until the box were filled to a desired height as illustrated in Figure
7 .11. The target height used for various simulations and verification experiments were 40
mm, 60 mm, 80 mm, and 152 mm.

Figure 7 .1 1 Uniform Sphere Packing Experiments
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RESULTS AND DISCUSSION

1 . Monosize Sphere Packing
The physical shaking and gravity effect was taken into account by dropping one
sphere for N runs to find the lowest possible geometric position where the sphere is
stable. Therefore, the effect of N was investigated initially. The container was randomly
filled experimentally with spheres having a radius of 6.9 mm to a specified height of 80
mm. Then, the dimensions of the container, radius of sphere, and the specified height
were used as input parameters in the computer simulation. The simulations were
conducted by repeating the drop and roll process for each particle N times. The packing
density (volume fraction of solids) was calculated as the ratio of volume occupied by
spheres to the total volume of container (specified height). All simulations presented in
this paper were repeated at least 3 times for a given set of input variables and boundary
conditions. Figure 7 . 1 2 shows the trend of packing density with number of repetitions N,
which indicates that a convergent (representative) packing density can be achieved by for
an N value of 200 to 300. In this research, all simulations were performed using N value
of 300 for the "drop and roll" algorithm.

In order to verify the computer program developed in this study to simulate state
of particle assembly in loose state, experiments were conducted by using spheres with
radius of 6.9 mm to fill different heights of a given container (40 mm, 60 mm, 80 mm,
and 1 52 mm). Figure 7. 1 3 shows the computer simulation results (N = 300) had a good
agreement with experiment results on predicting the number of particles occupying a
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1 60

target volume and corresponding packing density. It can be also seen that height of the
container has influence on the packing density, which indicates that the geometry effects
cannot be ignored for such simulations. In order to further evaluate this aspect, a number
of simulations were conducted by varying sphere sizes from 1 . 725 mm to 8.625 mm,
while the dimensions of the container were fixed a L = 1 20 mm, W = 57.2 mm and H =
60 mm. Figure 7 . 1 4 shows the variation of packing density with the ratio of sphere
radius to the width of the container. These results confirmed that geometry of the
container (wall effect) has significant influence on the packing density. If the radius of
the sphere is small when compared to the width of the container, represented by the
dotted line in Figure 7. 1 4, the packing density approaches a value of 0.60. From this, it is
concluded that the computer simulation program using "drop and roll" algorithm
developed in this study provides a packing density about 0.60 when the container volume
has little effect and is consistent with results of other studies that have used similar
technique [ 1 5, 1 7].
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0 .2

2. Bimodal Packing
In this paper, the bimodal spherical size distribution was also studied to
investigate the wall effect and packing density changes with size distribution. The
synthetic size distribution consisted of spheres with radii of 1.725 mm and 8.625 mm.
The percentage of small size spheres (R = 1. 725 mm) was varied to be 0%, 25%, 50%,
75%, and 100% using number-based percent values. This material can be conceived as
composed of fine sand and aggregate particles. Another two sets of mixtures were
generated by replacing the small size sphere by spheres with radii of 3.45mm and 6.9mm,
respectively. The dimension of the container was L = 120 mm, W = 57.2 mm and H = 70
mm. The simulations were repeated three times in a randomized fashion to ensure the
representative nature of simulation data and the results are shown in Figure 7.15 to Figure
7.17.

Figure 7.15 shows that the packing density increases with increasing amount of
smaller size spheres added into the particle assemblage. However, this trend was not
found in Figure 7.16 and Figure 7.17. The packing density suddenly dropped when the
bimodal mixture only had smaller size spheres. Large variation can be seen in Figure 7.1 7
and there was no clear trend, which indicates that the percentage of small spheres did not
have significant influence on the packing density once the radii of spheres reached a
similar size. A new bimodal size distribution material was simulated to investigate the
packing density drop observed in Figure 7.16. The new mixture consisted of spheres with
radii of 2 mm and 5 mm, still keeping the same ratio of small size to large size at 0.4 that
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was used for Figure 7. 1 6. The wall effect was eliminated by using larger container with
dimensions of L = 1 00 mm, W = 1 00 mm and H = 1 00 mm.A similar trend observed in
Figure 7 . 1 6 was also seen for new bimodal material (Figure 7. 1 8), which confirmed the
observations that by simply increasing fine material would not guarantee an increase of
packing density. The packing density is also a function of particle size gradation. In
addition, the wall effect can be clearly seen by comparing Figure 7. 1 6 to Figure 7 . 1 8,
which had small variation in the repeated simulations.

A vertical cross section of packed spheres was made in the middle of spherical
assembly to calculate the cross section density (the ratio of area occupied by sphere to the
area of cross section). The cross section density is widely used in civil engineering to
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estimate the volume fraction of solids (packing density) since such measurements are
easily facilitated in traditional microscopy of a given cross-section. Figure 7 . 1 9 to Figure
7 .21 shows the geometrical arrangement of particles by introducing small spheres.
Figure 7.22 demonstrates that the cross section density had same trend as the volume
fraction of solids (packing density).

3 . Graded Aggregates
Aggregates are extensively used in pavement structure as components of
Asphalt Concrete and Portland Concrete Cement for providing strong support to the
vehicles. Aggregates are also used for pavement drainage layer. The proper particle size
gradation is vital to the stability and permeability of granular materials. The desired

1 98

Figure 7.19 (a) Monosize Sphere Packing in A Cubical Container (R=5mm) (b) Vertical
Cross Section at the Middle of the Container

Figure 7.2 1 (a) Monosize Sphere Packing in A Cubical Container (R=2mm) (b) Vertical
Cross Section at the Middle of the Container
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permeability is achieved by eliminating fine materials [32]. The permeability has inverse
relationship with the volume fraction of solids (packing density). Therefore, such
phenomenon can be investigated by the computer simulation described in this research.
Table 7.1 shows the gradation of aggregates used in the simulation. Sample 1 was
composed of fine aggregates and coarse gravels. The other samples were obtained by
successively eliminating small particles. For example, sample 2 was obtained by
removing the particles passing # 20 sieve.

A shown in Figure 7.23, the packing density declines with the increase of 10%
passing diameter, which was achieved by eliminating some of the smaller particles.
Hazen equation [32] may explain the parabolic trend observed in Figure 7.24:
(7.3)
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Table 7 .1 Particle Size Distribution of Aggregates Used in Simulation
Source: After Barber and Sawyer (1952) [32]
Diameter
(um)
3/4"
1 9000
1/2"
12500
3/8"
9500
#4
4750
#8
2360
#10
2000
#20
850
425
#40
Dry Density (pct)
Permeability (ft/day)

Sieve
number

Radius
(um)
9500
6250
4750
2375
1 1 80
1 000
425
2 1 2.5

Weight based passing percentage
Sample 1
Sample 2
Sample 4
Sample 3
1 00
1 00
1 00
1 00
73.4
8 1 .5
79.5
75
60
72.5
69.5
63
32
27.8
43.5
49
22
29.5
5.8
0
17
25
0
0
9.8
0
1 04
111
101
2600
1 000
3000
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in which is k the permeability, D10 is the grain size corresponding to 10% passing, and Ck
is an experimental coefficient dependent on the nature of soil. An important short-coming
of current research is its inability to consider particle shape and is being currently
evaluated by considering the potential of representing non-spherical particle shape by
using group of spherical particles of varying size joined together as single unit.

SUMMAR Y AND CONCLUSIONS

A three-dimensional (3-D) computer program was developed in this paper to
simulate an assemblage of loosely packed and irregular sized spheres using the drop and
roll method. Monte Carlo approach was implemented in this program to generate spheres,
which can represent the effect of varying particle size distribution on a state close to
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maximum void ratio and associated contact state. The loose random packing state of an
assemblage of spheres was simulated with a "drop and roll" algorithm, which shows good
agreement with experimental results. The uniform and bimodal size distributions for
spherical particles showed that the wall effect is significant when the ratio of sphere
radius to the dimensions of container is greater than 0.05. Simulation results confirmed
that the permeability could be improved by eliminating the fine materials. In addition, it
is demonstrated that the computer simulation can also provide the information such as
coordination number and geometrical arrangement of contact points for evaluating the
flow and structural properties of granular assembly.
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INTRODUCTION
After comparing different instruments for characterizing the refractory LFC
coating at an operational foundry, the following instruments were chosen as the potential
characterization tools:

•

Rotational Rheometer SR5 (Rheometric Scientific)

•

Flow Particle Imaging Analyzer (Sysmex)

•

Capillary Flow Porometer (Porous Materials Inc.)

•

Coating Thickness Measurement System (University of Tennessee)

These instruments were successively shipped to the destination plant for field data
collection. In addition to the newly developed testing methods and instruments, the
foundry also obtained coating wet weight, %solid, viscosity, density, GM Perm values,
and transparency drawdown tests. Transparency drawdown test uses an adjustable
micrometer "micron" film applicator (Paul N. Gardner Company, Inc.). By using the
"micron" film applicator, wet coatings can be applied on a substrate (in the present case
polymer film) for a desired uniform thickness between 1 and 250 mils. Figure 8. 1
demonstrates the procedure of performing a drawdown test. First, the "micron" film
applicator is placed at upper end of the substrate. Then, refractory LFC coating is poured
in front of the knife-blade, which is set as 40 mils height. Slowly, the applicator is drawn
toward the lower end of the transparency to cast the LFC coating with uniform thickness.
Coating thickness is then measured after the coating dries at room temperature.
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Figure 8.1 Transparency Drawdown Test Demonstration
Generally, two sets of transparencies are used in the transparency drawdown test
(vertical and horizontal). Horizontal drawdown sample is produced as the procedure
demonstrated in Figure 8.1. Vertical drawdown sample is obtained by hanging the
horizontal drawdown sample vertically at close to 90 degrees. Ratio of the vertical
thickness to the horizontal thickness is believed to provide information about the coating
sagging.

Currently, this operational foundry uses coating wet weight, %solid, viscosity at
20RPM and GM Perm tests as coating quality control tools. Coating wet weight test is
used to estimate the amount of coatings that deposit on the polystyrene patterns. If
measured results are out of specifications that were established from past research,
operators will add water and/or dispersant based on personal experiences to adjust the
coating performances.
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Table 8.1 shows the test methods, instruments and parameters collected from each
test. In the chapter, data collected at the foundry are used for discussion and analysis. By
adopting the new developed characterization methods and instruments, this foundry plant
hopes to reduce defects and scrap rates related to the refractory LFC coatings, which
requires satisfying the strategy of coating control. According to past experiences at this
foundry plant, the general strategy of coating control is as follows:

•

Reduce variation in applied coating

•

Minimize set up time before start of production

•

Fast response - sample and make adjustments

•

Monitor or control - understand the purpose of the measure

All these require that the properties of the refractory LFC coatings be consistent
and these properties provide desirable final product performance such as sufficient
coating strength and transport properties.

In this chapter, data collected at the demonstration site are used to demonstrate the
application of new developed testing methods and instruments in coating quality control.
Statistical Process Control Chart is used to monitor the changes of the process and
material property during the LFC process. In addition, multi-variable regression models
are developed to predict the coating behaviors such as thickness and transport property.
Because of potential conflicts, only limited findings are discussed here.
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Table 8.1 Characterization Tests Adopted at A Lost Foam Foundry Plant
Equipment:

Test:

Parameters recorded :

Rheometer

Creep and Recovery

Rheometer

Stress Ramp

Rheometer

Dynamic Stress Sweep

Porometer

Dry test
Wet and Dry test

FPIA
FPIA

Qualitative
Quantative

Thickness

Gating Section

Transparency
Viscometer
Oven
GM Permmeter
Density Cup

Coating Draw Down
20RPM viscosity
%solid
Permeability
Density

Initial strain (%)
Final strain (%)
% Recovery (Final strain / Initial strain)
Yield Point (Pa)
Stress Ramp Area (Pals)
Final Viscosity (Eta Pa* s)
Crossover (Pa)
G' (Pa)
G" (Pa)
Tan Delta
Eta (Pa*s)
Darcy's Number
Bubble point diameter (microns)
Mean pore diameter (microns)
Images of particles
Average particle size (microns)
Average particle circularity (microns)
Vertical Surface Thickness (mm)
Horizontal Surface Thickness (mm)
Inside Radius (mm)
Outside Radius (mm)
Ratio of horizontal and vertical thickness
Viscosity at 20RPM
%solid
GM Perm
Density (lb/ft3)
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STATISTICAL PROCESS CONTROL
The rheological properties of the refractory LFC coating were monitored starting
in December 20 02. Rheological characterization testing includes: Creep and Recovery
test, Thixotropic Loop Test and Dynamic Stress Sweep test. Detailed testing setup has
been explained in previous chapters. Table 8.1 lists the material properties collected from
these tests. The LFC coatings in slurry stage is the first step for the interaction of coatings
and expandable polystyrene foam patterns, therefore, it is essential to ensure the
consistency of the coating properties and operation process. Generally, Statistical Process
Control (SPC) is used to monitor the process and ensure the product quality. SPC is a
process control concept that emphasizes the development of statistical techniques for the
process changes detection and identification of assignable causes of variation [ l ] . It is
well known that two types of variations as common-cause variation and special-cause
variation exist in the manufacturing processes [2] . Unlike common-cause variation,
special-cause variation is caused by the inconsistency of the process instead of natural
variation in the process. there is no way to expect the constancy in the process because of
the complexity of the nature. Therefore, special-cause variations are usually viewed as
undesirable disruptions in the process. In order to minimize the disruption in the process,
control charts are widely used to distinguish the special-cause variations from common
cause variations. According to Alwan [1 ], control charts were developed by Walter
Schewhart in 1 920 s to monitor manufacturing process to help reduce the cost of
inspection and rejection and to obtain consistency of products. Alwan wrote: "By
incorporating a measure of inherent variation in a process, a control chart serves as a
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basic data analysis tool to monitor a process for a change (unfavorable or favorable) as
the result of some sort of process intervention (intended or unintended)."

As illustrated in Figure 8.2, a control chart consists of plot of process measures
over time, UCL, CL and LCL. CL is the centerline (CL), which usually equals to the
average value of the control chart observations. UCL and LCL are individually the upper
control limit (UCL) and lower control limit (LCL). If the process is in control, all control
chart observations will fall within the limits. On the contrary, if a special cause occurs
during the process, there will be observation falling outside the control limits [ 1 ].
Generally, UCL, CL and LCL are calculated as:
UCL = µy + za 1 2 ay

(8. 1 )

CL = µr

LCL

= µy - za 1 2 ay

where Z w2 is the percentile of the standard normal distribution such that P(Z�ZwiJ = a/2.
Therefore, the probability that the observation value of Y will fall between µy ± Zw2 CJy is

Speci al-cause si gnal

� ------------------- UCL

"+=i
(J)
"+=i

� -------.__--------- CL
Q)

a.

E -------------- LCL
Ti me

Figure 8.2 Illustration of Control Chart
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1 - a as a result of purely chance causes [ 1 ] . In general, a convenient multiple value of 3 is
recommended for Z012, which gives a=0.0027. It means that the probability that an
observation will fall within the control limits is 0.9973 .

Based on the discussion above, the control charts were developed for coating H
used at the demonstration site as shown in Figure 8.3 to Figure 8.6. During the data
collection, the testing setups were changed by operators for some reasons. Per-shear
stress was changed from 1 0 Pa to 1 2 Pa for coating H in Cell 5 since December 1 7, 2002
and coating H in Cell 5 since December 1 7, 2002. Creep stress in Creep and Recovery
test was changed from 0.5 Pa to 0. 7 Pa since January 28, 2003 for all cells. Cells are the
containers where the polystyrene foam patterns are dipped and coated with refractory
coatings. As shown in Figure 8.3 and Figure 8.4, the measured values of the Thixotropic
Loop Area before the change of the pre-shear stress were beyond the ULC line, which
indicates that the control charts is valuable for detecting the changes of the process. It
was also found that there were several observations out of LCL in Figure 8.3 and Figure
8.4. However, because there was no comment on these observations from the
demonstration site, it is unclear what caused these variations. Figure 8.5 and Figure 8.6
shows the control charts for %recovery in Creep and Recovery test for coating H in Cell
5 and 6. The examination of Figure 8.5 and Figure 8.6 reveals that before the change of
the creep stress the measured values of %recovery showed relatively large variation and
several observations fallen out of the control limits. After the change of creep stress, the
measured values of %recovery demonstrated smaller variation and showed sustaining
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shift that the measured values of %recovery fallen between ULC and CL lines. In
conclusion, it can be seen that control charts are valuable tools for detecting special
situations (intended or unintended), which can be used to track the changes of the process
and/or materials. Therefore, control charts are recommended here for monitoring the
refractory LFC coating to ensure the consistency of the process and material properties.

COATING PERFORMANCE PREDICTION

It will be very valuable if mathematical expression could be developed to describe
in some sense the behavior of refractory LFC coatings. As discussed in previous chapters,
the thickness and transport properties of the refractory LFC coating are the major
properties that have significant influence on the success of the LFC process. Therefore,
statistical models based on the observed data at the demonstration site were developed in
this chapter to predict the coating thickness and transport properties of the refractory LFC
coatings that are currently being used at this foundry. Currently, the following four types
of refractory LFC coatings are being used: coating H, coating B, coating I and coating T.
With the recommended characterization instruments mentioned above, these four types of
coatings have been routinely monitored: coating I has been monitored since August 28,
2003 (Totally 32 data sets); coating B has been monitored since September 22, 2003
(Totally 30 data sets); coating T has been monitored since November 1 9, 2003 (Totally
40 data sets); coating H has been monitored since December 3, 2003 (Totally 1 23 data
sets). However, because the FPIA and PMI system were sent to the demonstrate site in a
later time frame than other instruments, most of monitored data have missing data that
associated with FPIA & PMI, especially coating H. Overall, there are around 90 complete
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sets of data that have all measured variables. These 90 complete sets of data were used to
conduct the statistical analysis and modeling. Later on, 9 additional complete sets of data
were obtained on May 1 9, 2004. Therefore, these 9 sets of additional data were used as
hold-out for the purpose of statistical model verification.

It can be seen from Figure 8. 7 that these four types of LFC coating have
significant differences on their natural properties such as thixotropic loop area, as well as
their outcome properties such as coating thickness and flow factor. Through statistical
analysis, it was also found that it is difficult to predict coating properties of all these four
types of coatings using one specific mathematic model. This might be attributed to the
differences of coating compositions. Coating H is mainly silica-based; while coating B, I
and T are mica-based. Therefore, coating type should also be considered in the
mathematic models. In order to consider the coating type effects, a technique called
dummy variable was used in the statistical analysis. For instance, Equation (8 .2) shows a
regression equation that has three dummy variables. The dummy variables are defined as
Table 8.2. If Equation (8.2) is used to predict coating l ' s performance, since dummy 2
and dummy 3 equal 0 for coating I. Thus, Equation (8 .2) will change to another form as
shown in (8.3). For each type of coating, the regression equation will have different
intercepts because of the dummy variables, which enables the regression equation to
consider the differences of coating types. Dummy variables can also be used as 2nd order
terms. In this study, the dummy variables were used only as 1 st order terms to simplify
the statistical models.
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Table 8.2 Dummy Variables

Coating Type

Coating I

Coating B

Coating H

Coating T

Dummy l

1

0

0

0

Dummy2

0

1

0

0

Dummy3

0

0

1

0
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Y = 0.5 x X + 0.2 x Dummyl + 0. 1 x Dummy2 + 0.3 x Dummy3
Y = 0.5 x X + 0.2

(8.2)
(8.3)

1 . Prediction of Coating Thickness on Perm Disk
Perm disk samples have been widely used in LFC foundry to measure the coating
permeability. The perm disk samples were obtained by dipping a 1 OOx1 00 stainless steel
mesh disc of 65mm diameter into the coating slurries. Then, the coating thicknesses at
four different locations on the perm disk were measured by a micrometer with good
resolution. Through statistical analysis, Equation (8.4) is found to be fairly effective
(R2=0.802) to predict the coating thickness on the perm disk. As seen in Figure 8.8, the
Equation (8.4) gives a fairly good prediction of the coating thickness on the perm disk.
Table 8.3 shows the verification results for the hold-out data sets. It can be seen the
regression equation (8.4) predict a reasonable coating thickness on the perm disk with a
variance within ± 1 1 %.
(8.4)

Perm Disk Thickness =
0.284
-6. 852E-05*Thixotropic Loop Area
+3.294E-03*%Solids
+3 .585E-02*Yield Point
-3 .067£-02* Average Circularity
-6.259£-03 * Average Particle Diameter

+2.439E-02*Dummy l -2.548E-03 *Dummy2 - l .270E-0 l *Dummy3
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Table 8.3 Verification of Statistical Model for Coating Thickness Prediction
Coating
Type
B
B
H
I
T
T
T
T
T

%

solid

43
42.9
62.7
4 1 . 14
43 . 1
43 .2
43
42.7
43 . 1

Thix.
Loop
Area
141 8
1 57 1
784

988

1 1 93
1414
1 506
1 525
1 142

Yield
Stress
(Pa)
6.48
6.76
6.3 1
5.59
8.26
9.48
9.29
10.42
9. 1 1

Avg.
Particle
(um)
9.6 1
9.37
1 2.91
10
8.97
9.43
1 0.03
1 0. 1 1
1 1 .02
Dim

222

Avg.
Circ.

0.736
0.73 1
0.74
0.7
0.7
0.7
0.7
0.7
0.7

Measured
Thickness
(mm)
0.483
0.48
0.47
0.445
0.526
0.53 8
0.566
0.6 1
0.622

Predicted
Thickness
(mm)
0.475
0.476
0.432
0.492
0.560
0.580
0.572
0.6 1 5
0.593

%
Variance
1 .64
0.85
8. 1 2
- 1 0.58
-6.50
-7.88
-1.10
-0.79
4.68

2. Prediction of Flow Factor
The transport properties of the refractory coating to allow proper permeation of
degradation products during the pyrolysis of expanded polystyrene (EPS) foam in the
LFC process have an important influence on the success of the casting process. Therefore,
it would be very helpful to the LFC foundry for the quality control if the transport
properties of the refractory coating could be predicted. In this paper, a statistical model is
proposed to predict the transport properties of the refractory coating. As discussed in
previous chapters, flow factor, a term considered as the flow rate through perm disk at
unit pressure, was defined for the quantitative comparison purpose of coating transport
properties. Through the statistical analysis, the following statistical model is found to be
effective (R2=0.838) to predict the transport properties (flow factor) of the refractory
coating, as shown in Figure 8.9 and Table 8.4.
Flow Factor =

(8.5)
6.463E-02
+ 6. 1 28E-06*Thixotropic Loop Area
-5 . 1 08E-04*%Solids
-2.43 1 E-03 *Yield Point
- 1 . 7 49E-02 *Average Circularity
-2.464 E-04 *Average Particle Diameter
+ 2.037E-02*Mean Pore Diameter
-6.035E-04*Dummy l + l .638E-03 *Dummy2+ 2.63 7E-03 *Dummy3
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Figure 8.9 Predicted Flow Factor vs. Calculated Flow Factor (Darcy/ mm)

Table 8.4 Verification of Statistical Model for Flow Factor Prediction
Coating
Type

B
B
H
T
T
T
T
T

%
solid

43
42.9
62.7
4 1 . 14
43 . 1
43 .2
43
42.7
43 . 1

Thix.
Loop
Area
1418
1 57 1
784
988
1 1 93
1414
1 506
1 525
1 142

Yield
Stress
(Pa)
6.48
6.76
6.3 1
5.59
8.26
9.48
9.29
10.42
9. 1 1

Avg.
Particle
Dim
(um)
9.61
9.37
12.9 1
IO
8.97
9.43
10.03
1 0. 1 1
1 1 .02

Avg.
Circ.

0.736
0.73 1
0.74
0.7
0.7
0.7
0.7
0.7
0.7
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MPD
(um)

0.357
0.3 89
1 .286
0.4 1
0.288
0.257
0.297
0.267
0.258

Flow
Factor

(Darcy/mm)

0.025
0.027
0.030
0.035
0.022
0.0 1 7
0.0 1 8
0.0 16
0.0 1 7

Predict
Flow
Factor

(Darcy/mm)

0.029
0.030
0.035
0.029
0.02 1
0.0 1 9
0.02 1
0.0 1 8
0.o I 8

%
Variance
- 1 6.84
- 1 1 .30
- 1 7.58
1 5.86
3.98
-9.59
- 1 7. 1 7
- 1 3.01
-8.47

As seen in Figure 8.9, the Equation (8.5) gives a fairly good prediction of the
coating thickness on the perm disk. Table 8.4 shows the verification results for the hold
out data sets. It can be seen the regression equation (8 .5) predicts a reasonable flow factor
with a %variance within ±20%.

CONCLUSION

Tools developed for characterizing the refractory material and porous media were
delivered to an operational LFC foundry plant for the technique transfer purpose. The
data obtained from the demonstration site were analyzed to demonstrate the application
of proposed characterization techniques on the coating quality control by using the
statistical process control charts. Numerical models were also developed to predict the
coating performance such as coating thickness and transport property.
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CONCLUSION

The major goal of this study was to develop systematic techniques to characterize
the LFC refractory materials. It was well known that the refractory LFC coating and
granular materials have been the critical factors controlling the quality of final casting. In
order to avoid defects caused by refractory LFC coating and granular materials, the
refractory coating and the granular materials need to be well controlled to provide
sufficient mechanical strength, transport properties, and thermal properties during the
casting process. This study intended to provide systematic characterization tools that
enhance the understanding of the fundamental properties of the refractory materials used
in the Lost Foam Casting process. In this study, two major refractory materials used in
the Lost Foam Casting process were investigated and characterized: refractory coating
material (slurry and dried coating) and refractory granular materials. New techniques
were proposed in this study to characterize the refractory materials' properties such as
particle size, particle shape, rheological behavior, transport properties, microstructure,
thickness, as well as packing properties.

In this study, the rheological properties of the refractory coating slurries were

characterized by a series of experimental testing including the creep and recovery test, the
thixotropic loop test and oscillatory tests. The approach presented in this study will be
useful to investigate the coating behavior at a large range of shear rate and shear stress
and to describe the complex viscoelastic behavior of these concentrated lost foam casting
coating slurries. The implication of rheology data with the flow properties, sedimentation,
sagging and leveling of coating slurries was presented to control coating thickness and its
227

uniformity, and can provide better understanding of coating slurries for its formulation
and manufacturing process control. The proposed approach of using rheological
properties in addition to viscosity values at a given spindle speed was expected to provide
important insight into making coatings with desired properties to make good quality
metal castings at a reduced scrap rate.

A number of commercial particle sizing instruments based on different theoretical
backgrounds (Laser Light Scattering, Single Particle Optical Sensing, Sedimentation,
Electrical Sensing Zone and Imaging Analysis) were evaluated for comparison purpose.
In addition, a quantitative approach for characterizing particle shape was also
investigated. Experimental results indicate that different particle sizing techniques would
yield distinct results on the particle size information. Non-spherical shapes of the
particles in Lost Foam Casting coating have a significant influence on the particle size
results and were related to the assumptions associated with the interpretation and
measurement techniques.

This study also proposed a new apparatus to evaluate the transport properties of
the refractory coatings in a relatively large differential pressure range that is anticipated
during the casting process. The proposed technique is also able to consider the "slippage"
and inertia effects that occur in measuring gas permeability. It was found that special
care should be taken to measure the coating permeability in a large velocity range.
Comparisons between the proposed new device to the widely used General Motors (GM)
Perm-meter were also made. Results showed that the proposed measurement technique is
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more reliable to evaluate the permeability of the refractory LFC coatings in a large
velocity range and considers inertia effects. This study also proposed a Liquid Expulsion
technique to quantify the microstructure of the refractory coatings. The microstructure
information obtained from the Liquid Expulsion Method was found to be well correlated
with the transport properties of the porous coating material. A procedure using three
dimensional computational fluid dynamics code (FLOW3D) was also developed to
simulate experimental gas flow data for solving complex boundary value problems that
use these coatings. The influences of the dilution and dispersion on the coating behavior
were also investigated. Results showed that the dilution and dispersion have opposing
influences on the pore size and transport properties. Adding dispersant was found to
reduce the transport properties of the refractory coatings significantly, potentially leading
to defects in metal castings. The microstructure characterization technique developed in
this study was also used to determine the effects of drying (oven versus air dry) on the
transport properties and microstructure.

Considering the importance of the coating thickness on the success of the Lost
Foam Casting process, this study presented a novel coating thickness measurement
system for the refractory LFC coatings. A number of commercially available refractory
LFC coatings were compared, and the results showed that the coating thickness on the
EPS foam patterns are not uniform and depended on the coating type, topography of the
foam surface, and coating properties such as surface tension, thixotropic loop area, mean
particle size diameter and viscosity. This study also demonstrated the applicability of the
coating thickness measurement system by comparing coating thickness at specific
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locations on three engine block patterns. Results showed that extreme differences of
coating thickness distribution for "good" and "bad" coating samples might exist, which
indicates that coating thickness is a very important quality control parameter that should
be considered by the LFC foundries and refractory coating suppliers.

This study also compared three different particle sizing techniques (sieve analysis,
Laser Light Scattering and Imaging Analysis) for two types of un-bonded granular
materials (sand and mullite). It was found that Imaging Analysis technique is capable to
provide fairly accurate particle size distribution measurement as well as particle shape
information. A three-dimensional (3-D) computer program was also developed to
simulate the packing behavior of the granular materials using a "drop and roll" method.
The packing behavior (in its loose state for this study) can be determined from the
simulations, which are being used to evaluate the effect of particle size distribution on the
bulk material properties.

This study also demonstrated the application of proposed characterization
techniques on the coating quality control by using the statistical process control charts. In
addition, numerical models were also developed to predict the coating performance such
as the magnitude and uniformity of the coating thickness and the resulting transport
properties.

The results from this study is likely to have a significant impact on the
understanding of the fundamental properties of refractory materials used in LFC, which
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may lead to a reduction of casting scrap by implementing the proposed characterization
tools, improved LFC refractory coatings, and granular materials.

FUTURE RESEARCH

A number of experimental testing procedures were developed to characterize the
rheological properties of the refractory coating slurries. However, the measurements to
evaluate the final coating slurry performance have not been completely established in real
foundry environment. Therefore, the corresponding measurements of sagging,
sedimentation and leveling should be developed to evaluate the final coating slurry
performances. The thermal properties ( conductivity, heat capacity, thermal expansion)
should also be evaluated for a given refractory coating as a function of physical
properties proposed to be determined from the current study. This could have a large
impact on many casting techniques, including semi-permanent mold approach. Imaging
based particle sizing technique demonstrated high potential to characterize particle size
and shape information of the refractory coatings. However, this technique still has some
drawbacks on the measurement of weight-based particle size distribution, as well as the
three-dimensional shape information. The procedure that combines the particle size and
shape information should be developed in the future to leverage the measurement results
from imaging particle sizing technique. In addition, other particle shape characterization
parameters should be implemented to overcome current drawbacks. The proposed coating
thickness measurement system is a destructive measurement tool, which might hinder its
application in a LFC foundry. X-ray or other nondestructive technique should be
implemented with current coating thickness measurement systems. The numerical
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simulation of particle packing does not consider the interactions between particles, as
well as between particles and the boundaries of the containers. In addition, current
particle packing simulation can only simulate spherical particles. In the future work, the
particle shape and force interactions should be considered in the simulation.
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